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Abstract
Many important geophysical processes, including mantle convection and the associated
movement of Earth’s tectonic plates, are strongly dependent upon the rheological properties
of Earth’s upper mantle. Olivine is the most abundant mineral in the upper mantle and therefore
largely controls the mechanical behavior of this region of Earth’s interior. Many experimental
investigations have been carried out to study the rheological properties of olivine single crys-
tals, synthetically produced aggregates, and naturally occurring mantle rocks at asthenospheric
temperatures. In contrast, relatively few studies have focused on measuring the rheological
properties of olivine deforming at lithospheric temperatures. Furthermore, there are several
unanswered questions about the microphysical processes that control deformation of olivine at
upper mantle conditions.
One outstanding question in the field of rock and mineral physics is Do different micro-
physical processes control the rate of deformation of olivine at asthenospheric compared to
lithospheric mantle conditions? To address this question we carried out direct shear experi-
ments on olivine single crystals at temperatures that span the transition from lithospheric to
asthenospheric mantle conditions. The results of these experiments, which are presented in
Chapter 2, demonstrate that the dependence of strain rate upon stress transitions from a power-
law relationship at high temperatures to an exponential dependence at lower temperatures. This
transition in rheological behavior is consistent with deformation that is controlled by the climb
of dislocations at high-temperature conditions and deformation that is controlled by the glide
of dislocations at low-temperature conditions. Furthermore, the direct shear geometry allows
for isolation of the (001)[100] and (100)[001] dislocation slip systems, which cannot be indi-
vidually activated in triaxial compression. At high-temperature conditions, crystals oriented
for shear on the (001)[100] slip system are observed to be weaker than crystals oriented for
shear on the (100)[001] slip system. At low-temperature conditions the opposite relationship is
observed: crystals oriented for shear on the (100)[001] slip system are weakest.
v
Another important outstanding question is Do the mechanisms of hydrolytic weakening in
olivine differ at asthenospheric compared to lithospheric mantle conditions? In Chapter 3 we
report the results of experiments carried out on olivine single crystals under hydrous condi-
tions at both asthenospheric and lithospheric temperatures. For crystals deformed at high-
temperatures and under hydrous conditions, the dependence of strain rate on stress follows a
power-law relationship with a stress exponent (n) of ∼2.5, consistent with deformation that is
rate limited by diffusion of silicon through the olivine lattice. In contrast, crystals deformed at
high-temperatures and under anhydrous conditions yield n ≈ 3.5, consistent with deformation
that is rate limited by diffusion of silicon through the cores of dislocations. At low temperature
conditions, the strain rate of both hydrous and anhydrous crystals are equally well described
by the same exponential dependence of stress. These observations demonstrate significant hy-
drolytic weakening occurs at asthenospheric temperatures, but hydrolytic weakening cannot be
resolved at lithospheric temperatures for our experimental conditions.
Lastly, we address a question about polycrystalline deformation: what deformation mech-
anism is responsible for grain-size sensitive (GSS) power-law creep of olivine aggregates? In
Chapter 4 we compare strain rates measured during deformation experiments on olivine ag-
gregates to strain rates calculated from a micromechanical model of intragranular slip. The
micromechanical model uses the measured stress from deformation experiments and grain ori-
entations determined from post-deformation electron backscatter diffraction measurements to
approximate the contribution of dislocation creep to the strain rate. Olivine aggregates deform
up to a factor of 4.6 times faster than the maximum possible rates determined from the mi-
cromechanical model of intragranular slip. The ratio of experimentally determined strain rates
to those from the micromechanical model is strongly dependent upon grain size, but is inde-
pendent of stress and strength of lattice-preferred orientation. These observations indicate that
GSS power-law creep occurs in both weakly and strongly textured olivine aggregates at the
studied conditions. We consider three explanations for the observed rheological behavior, (1) a
combination of diffusion and dislocation creep, (2) the operation of dynamic recrystallization
vi
creep, and (3) the operation of dislocation-accommodated grain-boundary sliding. Our analy-
ses indicate that the microstructural and mechanical behavior of olivine aggregates deforming in
the grain-size sensitive power-law regime are most consistent with the operation of dislocation-
accommodated grain-boundary sliding at the studied experimental conditions.
vii
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Chapter 1
Introduction
1.1 Background
Many important geophysical processes that operate in Earth’s upper mantle, including large-
scale convection and the associated movement of tectonic plates, are controlled by the rheologi-
cal properties of mantle rocks. The rheological properties of mantle rocks are highly dependent
upon olivine, as it is the most abundant and generally considered the weakest mineral in Earth’s
upper mantle. This observation has led to the development of an extensive literature describ-
ing high-temperature deformation of olivine single crystals, synthetically produced fine-grained
aggregates, and natural rocks. However, there are many outstanding questions that are central
to understanding the rheological properties of olivine-rich rocks, including (1) does the flow
behavior of olivine differ at lithospheric compared to asthenopheric temperatures? (2) do the
mechanisms of hydrolytic weakening differ at lithospheric compared to asthenospheric temper-
atures? and (3) at what conditions does grain-size sensitive power-law creep occur in olivine?
In this thesis, results from laboratory deformation experiments on olivine single crystals and mi-
cromechanical models of polycrystalline deformation are reported to address these questions.
1
21.2 Rheological Regimes and Deformation Mechanisms of Mantle
Rocks
Rheological regimes that are both grain-size sensitive (GSS) and grain-size insensitive (GSI)
have been identified during high-temperature steady-state deformation of mantle rocks. These
regimes include GSS linear creep, GSS power-law creep, and GSI power-law creep. Each
regime is defined by flow laws of the form
ε˙ = A
σn
dp
f mO2 f
r
H2O exp
(−Q
RT
)
, (1.1)
where ε˙ is strain rate, A is a material specific parameter, σ is differential stress, n is the stress
exponent, d is grain size, p is the grain size exponent, fO2 is oxygen fugacity, m is the oxygen
fugacity exponent, fH2O is water fugacity, r is the water fugacity exponent, Q is activation
enthalpy, R is the gas constant, and T is temperature.
The rheological regimes are usually interpreted to reflect the operation of individual defor-
mation mechanisms: GSS linear creep is associated with diffusion creep, GSS power-law creep
is associated with dislocation-accommodated grain-boundary sliding, and GSI power-law creep
is associated dislocation creep (Hirth and Kohlstedt, 2003). If the rheological regimes represent
deformation mechanisms that operate independently of one another, the total strain rate (ε˙total)
of a deforming rock, can be expressed as
ε˙total = ε˙diff + ε˙disGBS + ε˙disl, (1.2)
where the subscripts diff, disGBS, and disl refer to the strain rates from diffusion creep, dislocation-
accommodated grain-boundary sliding, and dislocation creep, respectively. The conditions at
which each deformation mechanism is dominant (i.e. rate controlling) can be clearly observed
on deformation mechanism maps, as exemplified in Figure 1.1.
The flow laws that were used to construct the boundaries between the different fields in
Figure 1.1 are mostly derived from laboratory deformation experiments carried out on olivine
3Figure 1.1: Deformation mechanism maps, from Kohlstedt and Hansen (2015), demonstrating
the conditions of temperature, stress, and strain rate that deformation mechanism for anhydrous
olivine aggregates operate at (a) a typical laboratory grain size of 10 µm and (b) a typical upper
mantle grain size of 1000 µm. In these maps the grain boundary sliding field refers to disGBS.
aggregates. The use of olivine aggregates has many advantages over using natural rocks and
single crystals. The grain size of olivine aggregates can be precisely controlled, allowing for
determination of flow law parameters for GSS deformation mechanisms. However, a conse-
quence of using olivine aggregates is that deformation often occurs near the transition between
mechanisms, such as the transition between diffusion creep and dislocation-accommodated
grain-boundary sliding. Therefore, at certain conditions of stress and grain size, the strain
rate of olivine aggregates is the result of the operation of multiple deformation mechanisms
(e.g., Hirth and Kohlstedt, 2003, Fig. 2). This situation increases the difficulty of precisely
determining flow law parameters, specifically n, for individual mechanisms.
1.3 Importance of Single Crystal Experiments
Single crystal deformation experiments provide the most direct means of determining the flow
law parameters for olivine deforming by dislocation creep. During deformation of a single
crystal, the strain rate from the motion of dislocations can be precisely measured, without the
4added complications arising from the operation of GSS deformation mechanisms. Importantly,
the value of n for dislocation creep can be precisely determined from single crystal deformation
experiments.
The value of n for dislocation creep has very important implications for understanding the
strength of the upper mantle. Models of dislocation creep at asthenospheric mantle conditions
predict either n ≈ 2.4 when deformation is rate limited by silicon diffusion through the lattice or
n ≈ 3.8 when deformation is rate limited by diffusion of silicon along the cores of dislocations
(Hirth and Kohlstedt, 2015). Extrapolation of data from laboratory deformation experiments to
values of stress typical of Earth’s upper mantle using n ≈ 2.4 or n ≈ 3.8 yield significantly
different predictions of strain rate, as presented in Figure 1.2. This observation highlights the
need for precise determination of the value of n for olivine during dislocation creep, which can
best be carried out by analyzing results from single crystal deformation experiments.
Another important aspect of deformation that can be most directly measured from single
crystal deformation experiments is the relative strength of the individual dislocation slip sys-
tems. However, during triaxial compression of olivine single crystals, only two of the four
dominate slip systems can be isolated. In contrast, the direct shear geometry utilized in the
experiments reported in Chapter 2 allows for isolation of the two remaining slip systems. Pre-
cise knowledge of the strength of the individual slip systems has important implications for
understanding the development and rheological impact of lattice-preferred orientation (LPO) in
mantle rocks.
1.4 Applications to LPO Development in Mantle Rocks
Micromechanical models of polycrystalline deformation have become increasingly complex
over the past 15 years (e.g., Tommasi et al., 2000; Kaminski and Ribe, 2001; Castelnau et al.,
2008, 2009). One of the primary goals of these models is to describe the development of LPO in
deforming mantle rocks. The input for most micromechanical models of LPO development is
a ranking of the relative strength of individual slip systems. At conditions of high-temperature
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Figure 1.2: Plot of strain rate as a function of stress illustrating the importance of the value of n
when extrapolating from laboratory to upper mantle conditions. A typical laboratory stress of
130 MPa and strain rate of 5 x 10−5 s−1 is indicated by the small square in the top right. The two
black lines represent extrapolation of these laboratory conditions to lower stress conditions more
typical of the upper mantle using an n value of either 2.4 (top) or 3.8 (bottom). Consideration
of the strain rate predicted by these two values of n results in a difference of ∼40 in strain rate
for a stress between 0.1 and 1.0 MPa typical of upper mantle conditions.
(> 1150◦C), these models are able to reproduce the general geometry of LPO observed in
experimentally deformed olivine aggregates, as presented in Figure 1.3.
More recent work has implemented micromechanical models of LPO evolution into nu-
merical simulations of flow in the asthenospheric mantle (e.g., Becker et al., 2006; Castelnau
et al., 2009; Becker and Kawakatsu, 2011). Many of these models predict the development
of an LPO with olivine [100] axis aligning near the direction of mantle flow as presented in
Figure 1.4. This relationship between olivine LPO and the direction of flow is consistent with
observations of LPO in olivine aggregates deformed at asthenospheric mantle conditions (e.g.,
Bystricky et al., 2000; Zhang et al., 2000; Hansen et al., 2012, 2014). Additional knowledge of
the relative strength of individual slip systems, which can be most directly gained from anal-
yses of single crystal deformation experiments carried out in direct shear, would improve the
6[100] [010] [001]
σc
Micromechanical Model - Tommasi et al. (2000)
[100] [010] [001]
Deformation Experiment - Hansen et al. (2011) σc
a
b
Figure 1.3: Comparison of LPO predicted for (a) olivine from a micromechanical model (Tom-
masi et al., 2000) to those from (b) a deformation experiment carried out on olivine aggregates
(Hansen et al., 2011). The orientation of maximum compression stress (σc)is to the north in
both sets of pole figures.
accuracy of these models.
Micromechanical models have also been applied to exploring the connection between LPO
and mechanical properties of olivine-rich rocks at lithospheric mantle conditions (e.g., Tommasi
et al., 2009; Knoll et al., 2009). These models rely on the relative strength of slip systems inter-
preted from data for experiments carried out at asthenospheric mantle conditions. However, it
is becoming increasingly clear that the flow behavior of olivine single crystals and aggregates is
significantly different at lithospheric compared to asthenospheric temperatures (Mei et al., 2010;
Druiventak et al., 2011; Demouchy et al., 2013). As micromechanical models and numerical
simulations of mantle flow become more complex, and especially when lithospheric mantle
conditions are considered, precise knowledge of the strength of the individual slip systems of
olivine over large ranges of temperature and stress is paramount.
7Figure 1.4: Evolution of LPO development beneath an oceanic spreading center predicted from
six micromechanicl models from Castelnau et al. (2009). The pole figures represented olivine
[100] axes. A uniform fabric is used for the begining of the simulations starting at a depth of
150 km. The sense of shear transitions from vertical beneath the spreading center to horizontal
away from the spreading center.
81.5 Questions of Hydrolytic Weakening in Olivine
Single crystal deformation experiments are vital to understanding the microphysical processes
responsible for hydrolytic weakening in olivine. Numerous studies from experimentally de-
formed natural rocks (e.g., Carter and Ave’Lallemant, 1970; Chopra and Paterson, 1984) and
synthetically produced aggregates (e.g., Karato et al., 1986; Mei and Kohlstedt, 2000a,b) have
documented hydrolytic weakening. Relatively few studies have focused on hydrolytic weak-
ening in olivine single crystal experiments (e.g., Mackwell et al., 1985; Girard et al., 2013).
However, interpretations of results from diffusion experiments carried out on forsterite single
crystals suggest only a small degree of weakening occurs under hydrous conditions (Fei et al.,
2013). Furthermore, the authors of this diffusion study suggest that experiments from olivine
aggregates under hydrous conditions are anomalously weak due to the presence of water along
grain boundaries. In Chapter 3 we present results from experiments carried out under hydrous
conditions and over a large range of conditions of stress and temperature to quantify hydrolytic
weakening of olivine in the climb-controlled and glide-controlled dislocation creep regimes.
1.6 Investigations of Grain-Size Sensitive Power-Law Creep
An important aspect of experimental deformation is relating flow laws, which describe rheolog-
ical regimes, to deformation mechanisms that describe the atomistic processes that give rise to
flow. The correlation of the GSS linear creep regime to diffusion creep and the GSI power-law
creep regime to dislocation creep is well established. However, the deformation mechanism
operating during GSS power-law creep has been attributed to either dislocation-accommodated
grain-boundary sliding, dynamic recrystallization-controlled dislocation creep, or a combina-
tion of diffusion creep and dislocation creep.
In Chapter 4 we present results from a micromechanical model that is used to determine the
fraction of strain rate that can be accommodated by the motion of intragranular dislocations (i.e.
dislocation creep). This model uses measurements of stress, strain rate, and grain orientations
from polycrystalline deformation experiments combined with flow laws for single crystals to
9determine the contribution of dislocation creep to the strain rate in several experiments. These
data are used to evaluate the different mechanisms proposed for GSS power-law creep.
Chapter 2
Direct shear of olivine single crystals
Knowledge of the strength of individual dislocation slip systems in olivine is crucial to under-
standing the flow behavior and the development of lattice-preferred orientation in olivine-rich
rocks. The most direct measurements of the strengths of individual slip systems are from triaxial
compression experiments on olivine single crystals. However, such experiments only allow for
determination of flow laws for two of the four dominate slip systems in olivine. In order to mea-
sure the strengths of the (001)[100] and (100)[001] slip systems independently, we performed
deformation experiments on single crystals of San Carlos olivine in a direct shear geometry.
Experiments were carried out at temperatures of 1000◦ to 1300◦C, a confining pressure of 300
MPa, shear stresses of 60 to 334 MPa, and resultant shear strain rates of 7.4 x 10−6 to 6.7 x 10−4
s−1. At high-temperature (≥1200◦C) and low-stress (≤200 MPa) conditions, the strain rate of
crystals oriented for direct shear on either the (001)[100] or the (100)[001] slip system follows a
power law relationship with stress, whereas at lower temperatures and higher stresses, strain rate
depends exponentially on stress. The flow laws derived from the mechanical data in this study
are consistent with a transition from the operation of a climb-controlled dislocation mechanism
during power-law creep to the operation of a glide-controlled dislocation mechanism during
exponential creep. In the climb-controlled regime, crystals oriented for shear on the (001)[100]
slip system are weaker than crystals orientated for shear on the (100)[001] slip system. In
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contrast, in the glide-controlled regime the opposite is observed. Extrapolation of flow laws de-
termined for crystals sheared in orientations favorable for slip on these two slip systems to upper
mantle conditions reveals that the (001)[100] slip system is weaker at temperatures and stresses
that are typical of the asthenospheric mantle, whereas the (100)[001] slip system is weaker at
conditions typical of the lithospheric mantle. These observations demonstrate that the relative
strength of the dislocation slip systems in olivine, and thus the development of lattice-preferred
orientation in olivine-rich rocks, is strongly dependent upon temperature and stress.
2.1 Introduction
The rheological and microstructural properties of olivine-rich rocks reflect the strength of dis-
location slip systems. One means of measuring the strength of dislocation slip systems is by
carrying out deformation experiments on single crystals that are oriented to promote the motion
of dislocations on specific slip systems. Many experiments have been performed on olivine sin-
gle crystals in triaxial compression (e.g., Young, 1969; Kohlstedt and Goetze, 1974; Durham and
Goetze, 1977; Darot and Gueguen, 1981; Kohlstedt and Hornack, 1981; Poumellec and Jaoul,
1984; Ricoult and Kohlstedt, 1985b; Mackwell et al., 1985; Bai et al., 1991; Raterron et al.,
2007, 2009; Demouchy et al., 2009, 2013; Girard et al., 2013). These experiments are usually
carried out in three orientations, referred to as [110]c, [101]c, and [011]c, where a compressive
stress (σ1) is applied at 45◦ to specific crystallographic axes in olivine. These orientations allow
for activation of the four dominate dislocation slip systems in olivine, which operate on the
(100), (010), and (001) planes and have either [100] or [001] Burgers vectors. For the [110]c
orientation, σ1 is orientated at 45◦ to both the [100] and [010] axes, activating the (010)[100]
slip system. In a similar manner, the [011]c orientation has σ1 at 45◦ to the [010] and [001]
axes, activating the (010)[001] slip system. However, the [101]c orientation has σ1 at 45◦ to the
[100] and [001] axes, which simultaneously activates both the (001)[100] and (100)[001] slip
systems.
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To activate the (001)[100] and (100)[001] slip systems independently, we performed de-
formation experiments on single crystals of San Carlos olivine in a direct shear geometry, as
illustrated in Figure 2.1. The direct shear geometry allows for isolation of one of these slip
systems at a time, providing information essential to understanding the development of lattice-
preferred orientation (LPO) in upper mantle rocks.
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Figure 2.1: Illustrations of crystals oriented for deformation in triaxial compression in the [101]c
orientation (left) and for crystals oriented for direct shear (middle and right) on the (100)[001]
and (001)[100] slip systems, respectively. During triaxial compression of crystals in the [101]c
orientation, dislocations on the (100)[001] and (001)[100] operate simultaneously, whereas the
direct shear geometry allows for deformation on only one of the slip systems during deforma-
tion.
2.1.1 Applications to LPO
Many physical properties of mantle rocks are strongly influenced by the strength of LPO of their
constitutive minerals. The presence of LPO affects the strength of anisotropy in propagation of
seismic waves (Ismail and Mainprice, 1998; Becker et al., 2006), the degree of attenuation
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of seismic waves (Farla et al., 2012), and the magnitude of electrical conductivity (Pommier
et al., 2015). Field based measurements of these properties, combined with data from laboratory
experiments and numerical simulations of LPO development, form a framework for interpreting
the structure and flow behavior of Earth’s upper mantle.
Numerical simulations that implement the relative activity of dislocation slip systems in-
ferred from deformation experiments carried out on olivine single crystals successfully repro-
duce the nature of the LPO observed at asthenospheric mantle conditions conditions (Tommasi
et al., 2000). The results from these numerical simulations predict the development of an LPO
with crystallographic axes aligned in similar orientations with respect to an externally applied
stress as those observed in high-temperature deformation experiments on olivine aggregates
(e.g., Zhang and Karato, 1995; Bystricky et al., 2000; Hansen et al., 2011, 2012, 2014) and
observed in many exposed mantle rocks (e.g., Ismail and Mainprice, 1998; Warren and Hirth,
2006; Pre´cigout and Hirth, 2014).
2.1.2 The Power-Law Creep Regime
At conditions of high temperature and low stress, the strain rate of olivine crystals follows a
power-law relationship with stress and an Arrhenius relationship with temperature. The strain
rate of crystals deforming in a power-law regime, ε˙power, is expressed as
ε˙power = Apσ
nexp
(−Qp
RT
)
, (2.1)
where Ap is a material-specific parameter, σ is stress, n is the stress exponent, Qp is the acti-
vation energy, R is the gas constant, and T is the temperature in K (e.g., Durham and Goetze,
1977; Darot and Gueguen, 1981; Bai et al., 1991). Materials that deform in this manner are
consistent with strain via glide of dislocations, with strain rate limited by the mean velocity at
which dislocations climb to overcome obstacles such as other dislocations in the crystal lattice
(e.g., Poirier, 1985, p. 103-107). The rate of climb of dislocations is controlled by diffusion of
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the slowest diffusing ionic species along its fastest diffusive pathway, which for the case of an-
hydrous olivine at high temperatures is silicon diffusing through the cores of dislocations (Hirth
and Kohlstedt, 2015).
2.1.3 The Exponential Creep Regime
Deformation experiments carried out at low temperatures and high stresses on olivine single
crystals (Phakey et al., 1972; Evans and Goetze, 1979; Demouchy et al., 2009, 2013) and olivine
aggregates (e.g., Raterron et al., 2004; Mei et al., 2010; Druiventak et al., 2011) yield mechan-
ical behavior markedly different from those performed at high-temperature and low-stress con-
ditions. At low temperatures and high stresses, the strain rate of olivine single crystals follows
an exponential dependence on stress. The strain rate of crystals deforming in an exponential
regime, ε˙exp, is expressed as
ε˙exp = Aeσ
1.4exp
[(−Qe
RT
)(
1−
(
σ
σe
)p)q]
, (2.2)
where Ae is a material dependent parameter, Qe is the activation energy, σe is the stress needed
to move dislocations in the absence of thermal energy, and p and q are parameters describing
the shape and spacing of the impediments to dislocation motion (Kocks, 1976). Values of p
range from 0.5 to 1 and values of q range from 1 to 2. Materials that deform in this manner are
consistent with deformation that is rate limited by the ability of gliding dislocations to move
through obstacles such as other dislocations or to overcome lattice resistance (Frost and Ashby,
1982, p. 6-9).
2.1.4 Inferring Slip System Activity
In this paper, we are primarily concerned with determining flow laws for the (001)[100] and
(100)[001] slip systems in both the power law and exponential creep regimes. Previous re-
searchers have used microstructural analyses and measurements of shape change to evaluate the
activity of the slip systems that operate during deformation of crystals in the [101]c orientation.
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The most direct evidence of the relative activity of the (001)[100] and (100)[001] slip systems
is from strain analyses carried out on deformed crystals (Durham and Goetze, 1977). Measure-
ments of shape change and rotation of crystallographic planes resulting from compressive creep
experiments on crystals in the [101]c orientation at 1600◦C are consistent with most of the de-
formation occurring by glide of dislocations on the (001)[100] slip system. This conclusion is
supported by microstructural observations of crystals that were deformed at high temperature,
which reveal that dislocations with Burgers vectors parallel to [100] are more common than
those with Burgers vectors parallel to [001] (Durham et al., 1977).
At lower temperature and higher stress conditions, microstructural evidence suggests the
activity of the (100)[001] slip system increases relative to the activity of the (001)[100] slip
system. Transmission electron microscopy (TEM) analyses of a crystal deformed in the [101]c
orientation at 1150◦C demonstrates dislocations operating with [001] Burgers vectors become
at least equally as prevalent as dislocations with [100] Burgers vectors (Durham et al., 1977).
Measurements of the preferred orientation of low-angle boundaries and shape change in a crys-
tal deformed in the [101]c orientation at 1000◦C demonstrate the (100)[001] slip system is dom-
inant at those conditions (Tielke et al., in prep). Furthermore, TEM analyses of polycrystaline
olivine deformed at low-temperatures reveal dislocations with [001] Burgers vectors are either
more common (Phakey et al., 1972) or equally common (Demouchy et al., 2014) as dislocations
with [100] Burgers vectors at lower temperatures. These observations suggest that the relative
strengths of the (001)[100] and (100)[001] slip systems are different at lithospheric conditions
than at asthenospheric conditions.
However, inferring the relative activities of the two slip systems using microstructural obser-
vations requires important assumptions about the nature of deformation. For example, electron
backscatter diffraction (EBSD) measurements of low-angle boundary orientations are only valid
if deformation is dominated by the glide of edge dislocations, with a minimal amount of climb.
In addition, TEM analyses used to image dislocations and determine Burgers vectors are carried
out on very small volumes of samples, such that one must assume that the observed dislocations
are representative of the entire sample. Even more critical is the assumption that the observed
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dislocations in TEM analyses are those that are primarily responsible for the deformation rather
than sessile dislocations.
The limitations of microstructural observations and interpretation of triaxial compression
experiments emphasize the need for data from direct shear experiments to determine flow laws
for the (001)[100] and (100)[001] slip systems. Orienting crystals with (001) parallel to the
shear plane and [100] parallel to the shear direction promotes slip on the (001)[100] system,
while restricting motion on the (100)[001] system. Similarly, orienting crystals with (100) par-
allel to the shear plane and [001] parallel to the shear direction promotes slip on the (100)[001]
system, while restricting motion on the (001)[100] system. In this paper, we present results
from direct shear experiments on olivine single crystals, with the goal of deriving flow laws that
describe the mechanical behavior of the (001)[100] and (100)[001] slip systems over a range of
temperatures that include both asthenospheric and lithospheric conditions.
2.2 Methods
2.2.1 Sample Preparation
The starting materials for the experiments performed in this study were single crystals of San
Carlos olivine. Crystallographic orientations were acquired from more than 10 EBSD point
measurements spanning a polished carbon-coated surface of the crystals. Once the starting ori-
entations were known, the crystals were placed on a goniometer with 3 independent rotational
axes and mounted for cutting with a diamond-blade saw. Slices 1-mm thick were produced
with surfaces parallel to the (001) or (100) crystallographic planes. Multiple rectangular paral-
lelepipeds with an area of 4.1 x 3.9 mm2 were produced from each slice. The long axis of each
rectangular parallelepiped was parallel to [100] for slices cut along (001) or long axes parallel
to [001] for slices cut along (100). The crystals were then placed between shear pistons that
consisted of cylinders cut at 45◦ to the compression direction, as illustrated in Figure 2.1. Shear
pistons made of thoriated tungsten were used for experiments carried out at 1200◦ to 1300◦C
and alumina pistons were used for experiments carried out at 1000◦ to 1200◦C. The crystals and
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shear pistons were placed inside a nickel capsule and stored in a vacuum oven at >100◦C for a
minimum of 12 hours before each experiment.
2.2.2 Deformation Experiments
The nickel capsule containing the crystal and shear pistons was positioned between alumina
and zirconia pistons, surrounded by an iron jacket, and inserted into a gas-medium deformation
apparatus (Paterson, 1990). Deformation experiments were carried out with a thermocouple
placed adjacent to the sample in the hot zone of the furnace to control temperature. The tem-
perature was maintained to within ± 2◦C relative to a calibration profile of the furnace. At
the beginning of each experiment, the confining pressure and temperature were slowly raised
over the duration of approximately 1 hour to the desired conditions. An initial anneal of greater
than 3 hours at 1200◦ or 1300◦C and a confining pressure of 300 MPa was performed to aid in
adhering the interface between the crystal and the shear pistons. Experiments were carried out
in a series of constant load steps as illustrated in Figure 2.2, and the resultant change in position
was used to determine the strain rate for each step. The mechanical data were corrected for the
small loads borne by the nickel capsules and iron jackets using the flow laws of Frost and Ashby
(1982, p. 21).
2.2.3 Microstructural Analyses
Post-deformation microstructural analyses included observations using reflected light microscopy
and measurements from EBSD analyses. After each experiment the deformation assembly was
cut in half in the plane that includes the orientation of maximum compression stress and the
shear direction as presented in Figure 2.3. The sample was then polished using diamond lap-
ping film with particle sizes of 30 to 0.5 µm and finished by polishing for one hour with colloidal
silica with a particle sizes of 0.04 µm. EBSD analyses were used to measure crystallographic
orientations and characterize the development of low-angle boundaries. EBSD maps were made
over entire cross sections of the crystals by stitching together multiple maps using the HKL
Channel 5 software. The step size used for the maps was 20 µm and the data were corrected for
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Figure 2.2: Mechanical data from experiment PI-1705. (a) Load as a function of time and (b)
position as a function of time. The actuator was moved away from the sample between load
steps to check for changes in the zero load. At the end of the experiment, an earlier load step
was repeated to examine if strain hardening occurred. The zero load remained constant, and no
strain hardening was observed.
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systematic misindexing. Additional analyses, including determination of values of the Schmid
factor, were carried out using the MTEX toolbox (Bachmann et al., 2010) for MATLAB R©.
2.3 Results
2.3.1 Mechanical Results and Flow Law Parameters
Experiments were conducted at 1000◦ to 1300◦C, shear stresses between 60 and 334 MPa, and
resultant shear strain rates between 7.4 x 10−6 and 6.7 x 10−4 s−1, as presented in Table 2.1.
The mechanical data for crystals deformed in both orientations demonstrate that the depen-
dence of strain rate on stress is smaller at high-temperature and low-stress conditions than at
low-temperature and high-stress conditions. At high temperatures (≥1200◦C) and low stresses
(≤200 MPa), strain rate is a power-law function of stress, whereas at lower temperatures and
higher stresses, strain rate is an exponential function of stress.
Table 2.1: Experimental conditions and creep data
Exp # T (◦C) b Pistons τ (MPa) γ˙ (s−1) σ (MPa) ε˙ (s−1)
1705 1200 [100] W-Th 101 2.7E-05 201 1.5E-05
130 6.8E-05 260 3.9E-05
168 1.4E-04 336 8.3E-05
216 3.2E-04 432 1.9E-04
136 4.3E-05 272 2.5E-05
1709 1200 [001] W-Th 85 9.7E-05 170 5.6E-05
115 2.0E-04 231 1.1E-04
139 5.6E-04 279 3.3E-04
190 2.1E-03 381 1.2E-03
119 3.2E-04 238 1.8E-04
1713 1100 [001] Al 172 1.9E-05 344 1.1E-05
Continued on next page
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Table 2.1 – Continued from previous page
Exp # T (◦C) b Pistons τ (MPa) γ˙ (s−1) σ (MPa) ε˙ (s−1)
182 4.2E-05 365 2.4E-05
195 4.6E-05 390 2.6E-05
1721 1300 [100] W-Th 60 6.6E-05 121 3.8E-05
72 8.9E-05 145 5.2E-05
94 2.4E-04 188 1.4E-04
113 6.7E-04 227 3.9E-04
64 5.7E-05 128 3.3E-05
119 5.1E-04 238 3.0E-04
1725 a 1200 [100] Al 93 2.3E-05 187 1.3E-05
117 4.6E-05 234 2.7E-05
140 8.7E-05 281 5.0E-05
95 2.7E-05 190 1.5E-05
1725 b 1100 [100] Al 225 2.8E-05 450 1.6E-05
240 3.4E-05 480 2.0E-05
259 4.8E-05 519 2.8E-05
279 7.5E-05 557 4.3E-05
243 3.8E-05 485 2.2E-05
1725 c 1000 [100] Al 316 1.0E-05 631 6.0E-06
334 1.5E-05 668 8.9E-06
1733a 1300 [001] W-Th 93 1.8E-04 186 1.0E-04
119 3.2E-04 239 1.9E-04
156 5.9E-04 311 3.4E-04
82 6.2E-05 164 3.6E-05
1733b 1200 [001] W-Th 85 1.2E-05 169 6.7E-06
110 1.9E-05 219 1.1E-05
Continued on next page
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Table 2.1 – Continued from previous page
Exp # T (◦C) b Pistons τ (MPa) γ˙ (s−1) σ (MPa) ε˙ (s−1)
129 2.6E-05 258 1.5E-05
149 4.6E-05 297 2.7E-05
168 8.4E-05 336 4.8E-05
188 1.5E-04 375 8.8E-05
118 3.1E-05 236 1.8E-05
1736a 1200 [001] Al 149 8.9E-05 298 5.2E-05
182 1.8E-04 363 1.0E-04
213 6.2E-04 426 3.6E-04
1736b 1100 [001] Al 149 7.4E-06 298 4.3E-06
178 3.4E-05 356 2.0E-05
The values of the parametersAp andQp in Equation 2.1 andAe, Qe, and σe in Equation 2.2
for both orientations were determined by performing least-squares fits of the data in Table 2.1.
To facilitate comparison to data obtained from experiments carried out in triaxial compression,
the data were converted to equivalent values of stress and strain rate by
σ = 2τ (2.3)
and
ε˙ =
√
3
3
γ˙, (2.4)
where σ is the equivalent stress, τ is the shear stress, ε˙ is the equivalent strain rate, and γ˙ is the
shear strain rate.
The parameters Ap and Qp were determined by fitting the data collected at 1200◦ and
1300◦C for crystals oriented for shear on the (001)[100] slip system using Equation 2.1. A
value of n of 3.5 was used during the fitting procedure to minimize the number of fitting param-
eters. This value of n is well established for olivine deforming by dislocation creep (Bai et al.,
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Figure 2.3: Reflected light image of deformed crystals. (a) Sample PI-1709 was oriented for
maximum resolved shear stress on the (100)[001] slip system and deformed at 1200◦C to a
shear strain of 0.35. (b) Sample PI-1721 was oriented for maximum resolved shear stress on
the (001)[100] slip system and deformed at 1300◦C to a shear strain of 1.6. The slight bending
at the tip of the tungsten pistons is from the nickel capsule flowing into the void next to the
crystal during the pressurization process. The bright line above the alumina spacer in (b) is an
artifact that formed at the extent of the polished surface because the bottommost portion of the
assembly was not polished.
23
1991; Hirth and Kohlstedt, 2003). The power-law relationship determined for crystals oriented
for shear on the (001)[100] dislocation slip system is
ε˙(001)[100]power = 10
6.3±1.0σ3.5exp
(−540± 30 kJ/mol
RT
)
. (2.5)
In the same manner but excluding the highest load step at both 1200◦ and 1300◦C, flow law
parameters for crystals oriented for shear on the (100)[001] slip system were determined by
fitting the data at 1200◦ and 1300◦C using Equation 2.1. The power-law relationship for crystals
oriented for shear on the (100)[001] slip system is
ε˙(100)[001]power = 10
1.4±1.2σ3.5exp
(−410± 40 kJ/mol
RT
)
. (2.6)
Once the parameters for the power-law relationship were determined, the data were fit to
determine the parameters in Equation 2.2. The large number of parameters in Equation 2.2
necessitated holding some of the parameters constant during the fitting procedure. Values of 0.5
and 2 were chosen for p and q, respectively. Results for fitting the data using a range of values
of p and q are presented in Appendix B. The values of p = 0.5 and q = 2 are consistent with
observations of olivine deforming at low temperature conditions from a review of published
work (Demouchy et al., 2013). In addition, the strain rate from some of the load steps for data
at 1100◦C contained a significant contribution of deformation in the power-law regime to the
measured strain rate. To account for the contribution of strain rate from the power-law regime,
the data were fit for the values of the flow law parameters using
ε˙ total = ε˙ power + ε˙ exp, (2.7)
where ε˙total is the equivalent strain rate from the experiments in Table 2.1, ε˙power is the strain
rate from Equation 2.5 at the given conditions, and ε˙exp is Equation 2.2, which contains the
parameters of interest (i.e., Ae, Qe, and σe). This procedure yielded
24
ε˙(001)[100]exp = 10
5.1±1.0σ1.4exp
(−475± 40 kJ/mol
RT
)(
1−
(
σ
28 ± 4.0 GPa
)0.5)2 ,
(2.8)
for crystals oriented for shear on the (001)[100] slip system.
The data from load steps at 1100◦C and the highest load step at both 1200◦ and 1300◦C,
which deviate from power-law behavior, were used to determine the parameters Ae, Qe, and σe
for crystals oriented for shear on the (100)[001] slip system. This procedure yielded
ε˙(100)[001]exp = 10
2.4±0.4σ1.4exp
(−455± 30 kJ/mol
RT
)(
1−
(
σ
8.5± 1.0 GPa
)0.5)2 ,
(2.9)
for crystals oriented for shear on the (100)[001] slip system. Equations 2.5, 2.6, 2.8, and 2.9
are in good agreement with the experimentally measured values of strain rate and stress at a
temperature, as presented in Figure 2.4.
2.3.2 Microstructural Results
Orientation maps and pole figures compiled from EBSD measurements reveal the development
of intracrystalline misorientation and low-angle boundaries in the deformed crystals. Rota-
tional axes parallel to [010] are dominant as presented in the inverse pole figures in Figure 2.5.
Low-angle boundaries present in the deformed samples in Figure 2.6 preferentially form per-
pendicular to the shear plane. The formation of low-angle boundaries is accompanied by minor
rotation of the [100] and [001] crystallographic axes, as is apparent in the pole figures presented
in Figure 2.6. This rotation has only a minor influence on the amount of resolved shear stress
acting upon the dominant slip system in each sample because the largest volume of each crystal
remains near a Schmid factor of 0.5 even after deformation to a shear strain of 1.6, as presented
in Figure 2.6b.
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Figure 2.4: Plot of equivalent strain rate as a function of equivalent stress from direct shear
experiments carried out on crystals oriented for slip on the (a) (001)[100] and (b) (100)[001]
dislocation slip systems. The dotted lines in (a) are Equation 2.5 and the solid lines are the sum
of Equations 2.5 and 2.8. The dotted lines in (b) are Equation 2.6 and the solid lines are the sum
of Equations 2.6 and 2.9.
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Figure 2.5: Inverse pole figures of misorientation axes in the crystallographic reference frame.
Rotational axes are for misorientations between 1 and 10 degrees between neighboring pixels
from EBSD maps of deformed samples. The scale for multiples of a uniform distribution for
the pole figures correlates with the color bar on the bottom. Note the concentration of rotational
axes about [010], consistent with deformation via the motion of dislocations on the (001)[100]
and/or (100)[001] slip systems.
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2.4 Discussion
The flow laws presented in Equations 2.5 and 2.8 as well as 2.6 and 2.9 describe deforma-
tion occurring by two independent dislocation mechanisms for the (001)[100] and (100)[001]
slip systems, respectively. At high-temperature and low-stress conditions, the mechanical data
for these two slip systems are well described by Equations 2.5 and 2.6, consistent with defor-
mation operating by climb-controlled dislocation creep that is limited in rate by diffusion of
silicon along dislocation cores (Hirth and Kohlstedt, 2015). At low-temperature and high-stress
conditions, the mechanical data are well described by Equations 2.8 and 2.9, consistent with
deformation occurring by glide-controlled dislocation creep that is limited by the rate at which
dislocations glide to overcome lattice resistance or obstacles in the crystal lattice (Frost and
Ashby, 1982, p. 6-9).
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Analyses of EBSD measurements indicate that deformation occurred primarily by the glide
of dislocations on the (001)[100] or the (100)[001] slip systems. Previous researchers used
gradients in intracrystalline orientation (i.e., misorientation) and the development of low-angle
boundaries to infer the activity of individual slip systems (e.g., Lloyd et al., 1997; Prior et al.,
2002; Hildyard et al., 2009; Hansen et al., 2014). In a similar manner, the misorientation axes
plotted in the crystallographic reference frame in Figure 2.5 have strong maxima of rotational
axes parallel to the [010] crystallographic axis, which can form by the operation of dislocations
on either the (001)[100] or the (100)[001] slip systems. The development of low-angle bound-
aries and rotation of the [100] and [001] axes about [010] plotted in the sample reference frame
in Figure 2.6 are also consistent with deformation occurring by the motion of dislocations on
either the (001)[100] or the (100)[001] slip system.
The relative strength of the (001)[100] and (100)[001] slip systems is strongly dependent
upon temperature and stress, as presented in Figure 2.7. At high temperatures and low stresses in
the power-law regime, the flow law for the (001)[100] slip system is in agreement with the flow
law for [101]c and is weaker than the (100)[001] slip system. Conversely, at low-temperature
and high stress, in the exponential creep regime, the (100)[001] slip system in agreement with
the flow law for [101]c and is weaker than the (001)[100] slip system. The relative strengths
of the slip systems during in the different regimes provides an opportunity to gain insight into
important microphysical processes that govern deformation.
The observed weakness of the (001)[100] slip system relative to the (100)[001] slip system
at high temperatures and low stresses allows for evaluation of the processes that govern defor-
mation of olivine in a climb-controlled dislocaion creep regime. The climb-controlled model
of dislocation creep (Hirth and Lothe, 1968, p. 506-519), which describes the strain rate of a
material deforming by dislocation creep as rate limited by the velocity of climb, vc, which is
expressed as
vc = 2pi
σVm
RT
D
b
1
ln (Ro/ro)
, (2.10)
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where Vm is the molar volume of the crystal, D is the diffusion coefficient of the slowest dif-
fusing species, b is the Burgers vector, Ro is the dislocation spacing, and ro is the dislocation
core radius. This relationship states that the velocity of climb, and therefore the strain rate, is
proportional to D. The value of n for both triaxial compression and direct shear experiments
at high temperatures is ∼3.5, consistent with diffusion along the cores of dislocations (Hirth
and Kohlstedt, 2015). Therefore, the observed difference in the temperature dependence and
strength of the two slip systems likely reflects a difference in diffusivity along dislocations with
either [100] or [001] Burgers vectors.
At low-temperature and high-stress conditions in the glide-controlled regime, the (001)[100]
slip system is stronger than the (100)[001] slip system. At these conditions, deformation is rate
limited by the ability of dislocations to either move through obstacles in the crystal lattice or
to overcome the lattice resistance. The Peierls stress describes the stress needed to overcome
lattice resistance in the absence of thermal energy. Therefore, the relative strength of (001)[100]
and (100)[001] slip systems in the glide-controlled regimes may be used to evaluate values of
Peierls stress for the two slip systems considered in this study.
Dislocation dynamics simulations of glide velocity (Durinck et al., 2007a) and calculations
of the properties of dislocation cores (Durinck et al., 2007b) have been used to determine val-
ues of Peierls stress for dislocations on the (001)[100] and (100)[001] slip systems in olivine.
Importantly, the calculations predict larger values of Peierls stress for both screw and edge dis-
locations operating on the (001)[100] than for dislocations on the (100)[001] slip system. The
differences between the absolute values of Peierls stress determined from the calculations and
the values of σe in the flow laws in Equations 2.8 and 2.9 is likely attributed to the operation of
mixed dislocations in our samples or the different values of parameters (i.e., p and q in Equation
2.2) used in our analyses. Nonetheless, consideration of the values of Peierls stress from the
calculations in terms of the glide-controlled model of dislocation creep is consistent with the
strain rate from dislocations on the (001)[100] slip system being much slower than that of the
(100)[001] slip system, a condition consistent with our results.
Consideration of the results presented above with previous results from compressive creep
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Figure 2.7: Plots of equivalent strain rate as a function of (a) temperature at normalized stress
and (b,c) stress at normalized temperature with the flow laws for crystals deformed in triaxial
compression in the [101]c orientation or in direct shear for deformation on either the (001)[100]
or the (100)[001] slip systems. The lines represent flow laws consisting of power law and
exponential components that are treated as two independent mechanisms (i.e., combined using
Equation 2.7). The black lines are from a fit of triaxial compression experiments described in
Tielke et al. (in prep), the blue lines are from crystals oriented for shear on (001)[100], and
the red lines are from crystals oriented for shear on (100)[001]. The circles and triangles are
the data in Table 2.1 normalized to (a) an equivalent stress of 200 MPa, (b) a temperature of
1300◦C, or (c) a temperature of 1000◦C using the flow law parameters from Equations 2.5 and
2.8 for (001)[100] and from Equations 2.6 and 2.9 for (100)[001].
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experiments gives insight into the relative strengths of the four dominate dislocation slip systems
in olivine. At lower-temperature and higher-stress conditions, crystals deformed in triaxial
compression in the [101]c orientation are weaker than those deformed in the [110]c and [011]c
orientations (Phakey et al., 1972; Goetze, 1978; Evans and Goetze, 1979). Importantly, the
results presented in Figure 2.7 demonstrate that equivalent strain rates of crystals oriented for
shear on (100)[001] are approximately equal to the strain rates of crystals in the [101]c at an
equivalent stress of 200 MPa and a temperature ≈1100◦C. Therefore, (100)[001] is likely the
weakest of the four dominate dislocation slip systems in olivine at low-temperature and high-
stress conditions.
Extrapolation of the flow laws derived from the experiments in this study to the upper mantle
conditions presented in Figure 2.8 predicts an even larger difference between the strength of the
(100)[001] and (001)[100] slip systems. For conditions typical of Earth’s lithospheric mantle
(σeq = 20 MPa and T = 900◦C), the strain rate of the (100)[001] slip system is a factor of
∼10 times faster than that of the (001)[100] slip system. For conditions typical of Earth’s
asthenospheric upper mantle (σeq = 0.1 MPa and T = 1400◦C), the equivalent strain rate of the
(001)[100] slip system is a factor of ∼5 times faster than that of the (100)[001] slip system.
Our results predict an LPO should develop with a maximum of [001] parallel to the shear
direction in olivine-rich rocks deforming at lithospheric conditions where the (100)[001] slip
systems is the weakest. Other workers have reported the relative strength of slip systems are
dependent upon pressure (Couvy et al., 2004; Mainprice et al., 2005; Raterron et al., 2007,
2009) and predict the development of an LPO with [001] parallel to the shear direction at high
pressure conditions. These observations highlight the need for deformation experiments carried
out on olivine single crystals and aggregates over a large range of temperature, stress, and
pressure in order to gain deeper understanding into the mechanisms of LPO development in
Earth’s mantle.
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Figure 2.8: Equivalent strain rates from the constitutive equations derived from crystals oriented
for shear on either the (001)[100] or the (100)[001] slip system extrapolated to a typical litho-
spheric stress of 20 MPa and a typical asthenospheric stress of 0.1 MPa. The lines represent
the flow laws for the power-law and exponential creep regimes for each orientation, combined
using Equation 2.7 for lithospheric conditions. For asthenospheric conditions only the power
laws were used. For an equivalent stress of 20 MPa at 800◦C, represented by line 1, the equiva-
lent strain rate of the (100)[001] slip system is ∼10 times larger than that of the (001)[100] slip
system. For an equivalent stress of 0.1 MPa at 1400◦C, represented by the line 2, the equiva-
lent strain rate of the (001)[100] slip system is ∼5 times larger than that of the (100)[001] slip
system.
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2.5 Conclusions
The results presented above are consistent with temperature and stress dependence of the rel-
ative strength of the (001)[100] and (100)[001] dislocation slip systems in olivine. At high
temperatures (≥ 1200◦C) and low stress (≤ 200 MPa), the (001)[100] slip system is weaker
than the (100)[001] slip system, whereas at lower temperature and higher stress the (100)[001]
slip system is weaker than the (001)[100] slip system. The transition in the weakest slip system
coincides with a transition in rheological regimes. At high temperatures, strain rate follows a
power-law relationship with stress consistent with a climb-controlled dislocation regime where
(001)[100] is the weakest. At low temperatures, strain rate is an exponential function of stress,
consistent with a glide-controlled regime where (100)[001] is weakest.
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Chapter 3
Hydrolytic weakening in olivine single
crystals deforming by dislocation creep
at mantle temperatures
Deformation experiments on single crystals of San Carlos olivine under hydrous (hydrogen-
rich) conditions were performed to investigate the microphysical processes responsible for hy-
drolytic weakening during dislocation creep. Crystals were oriented relative to the applied load
in triaxial compression to exert the maximum shear stress on the (100)[001] and (001)[100]
dislocation slip systems, that is, the [101]c orientation. Hydrogen was supplied to the crystals
using either talc or brucite sealed in nickel capsules with the crystal. Deformation experiments
were carried out using a gas-medium apparatus with high resolution in temperature (±2◦C)
and stress (±2 MPa) at 1050◦ to 1250◦C, differential stresses of 45 to 306 MPa, and resultant
strain rates of 1.5 x 10−6 to 4.4 x 10−4 s−1. Hydroxyl concentrations determined using Fourier
transform infrared spectroscopy varied from 190 to 260 ppm H/Si. For talc-buffered (i.e., wa-
ter and orthopyroxene buffered) samples at high temperatures, the dependence of strain rate on
stress follows a power-law relationship with a stress exponent (n) of ∼2.5 and an activation en-
ergy (Q) of ∼480 kJ/mol. By comparison, samples deformed under anhydrous conditions and
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buffered by orthopyroxene yield n ≈ 3.5 and Q ≈ 470 kJ/mol. Brucite-buffered (i.e., water and
periclase-buffered) samples deformed faster than talc-buffered samples but contained similar
hydrogen concentrations, demonstrating that strain rate is influenced by orthopyroxene activity
under hydrous conditions. The values of n and dependence of strain rate upon orthopyroxene
activity are consistent with hydrolytic weakening occurring in the climb-controlled disloca-
tion creep regime that is associated with deformation controlled by lattice diffusion under hy-
drous conditions and by pipe diffusion under anhydrous conditions. At lower temperatures and
higher stresses, under both hydrous and anhydrous conditions, the strain rate of orthopyroxene-
buffered samples follows an exponential relationship with stress. Analyses of post-deformation
electron-backscatter diffraction data demonstrate that dislocations with [100] Burgers vectors
are dominant during in the climb-controlled regime and dislocations with [001] are dominant
in the glide-controlled regime. Extrapolation of the constitutive equations derived in this study
to conditions of stress and temperature of the asthenospheric mantle demonstrates that crys-
tals deformed under hydrous conditions (containing ∼200 ppm H/Si, a lower-bound for mantle
conditions) will deform one to two orders of magnitude faster than crystals deformed under
anhydrous conditions.
3.1 Introduction
The rate of plastic deformation of upper mantle materials controls many important geophys-
ical processes, including convection in Earth’s upper mantle and the associated movements
of Earth’s tectonic plates. The strength of nominally anhydrous silicate minerals is strongly
influenced by the addition of hydrogen as a point defect, a phenomenon referred to as hy-
drolytic weakening. A large literature documents hydrolytic weakening of olivine, the major
mantle phase, during high-temperature (≥ 1200◦C) deformation experiments (e.g., Carter and
Ave’Lallemant, 1970; Chopra and Paterson, 1984; Mackwell et al., 1985; Karato et al., 1986;
Mei and Kohlstedt, 2000a,b). However, few studies have attempted to quantify hydrolytic weak-
ening of olivine at low-temperature (< 1200◦C) conditions (e.g., Katayama and Karato, 2008).
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The goal of this study was to carry out experiments over a range of temperatures that span
the transition from lithospheric to asthenospheric conditions in order to quantify hydrolytic
weakening in olivine deforming by dislocation creep and gain greater understanding into the
microphysical processes responsible for this phenomenon.
Hydrolytic weakening has been observed in constant displacement rate experiments carried
out on olivine single crystals. Crystals deformed at 1300◦C and a confining pressure of 300
MPa with 270 to 420 ppm H/Si, as determined from FTIR spectra calibration (Paterson, 1982)
multiplied by a factor of 3.5 (Bell et al., 2003), deform at a factor of 1.4 to 2.5 lower flow stress
than crystals deformed under anhydrous conditions (Mackwell et al., 1985). Similarly, crystals
deformed at 1200◦C and a confining pressure of 4 to 7 GPa with 1030 to 2520 ppm H/Si deform
at a factor of 1.3 to 1.6 lower flow stress than crystals under anhydrous conditions (Girard et al.,
2013).
Hydrolytic weakening has also been observed in constant load experiments preformed on
olivine single crystals. Crystals deformed at 1184◦ to 1561◦C and at atmospheric pressure in the
presence of H2/H2O gas mixtures have been reported to deform roughly one order of magnitude
faster than crystals deformed in the presence of CO/CO2 gas mixtures (Poumellec and Jaoul,
1984). The increase in strain rate for a given stress reported in these experiments corresponds
to a reduction in flow stress of a factor of ∼2 if a strain rate is dependent on stress to the power
of 3.
Hydrolytic weakening occurs during experimental deformation of olivine-bearing rocks and
olivine aggregates deforming by multiple deformation mechanisms. Natural dunites deformed
in the climb-controlled dislocation creep regime were significantly weaker under hydrous condi-
tions than under anhydrous conditions (Carter and Ave’Lallemant, 1970; Chopra and Paterson,
1984). Fine-grained olivine aggregates deformed in both the climb-controlled dislocation creep
and diffusion creep regimes exhibit significant hydrolytic weakening (Karato et al., 1986; Mei
and Kohlstedt, 2000a,b). Olivine aggregates deforming by grain-boundary sliding (McDonnell
et al., 1999) and by glide-controlled dislocation creep (Katayama and Karato, 2008) also reveal
hydrolytic weakening.
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3.2 Theoretical Background
3.2.1 A Climb-controlled Model of Dislocation Creep
A climb-controlled model of dislocation creep is often used to describe the strain rate, ε˙, of
a material deforming by the motion of dislocations at conditions of high temperature and low
stress (e.g., Mott, 1951; Weertman, 1955; Poirier, 1985, p. 94-144). This model is based on the
Orowan equation, which states that
ε˙ = ρbv¯, (3.1)
where ρ is the density of mobile dislocations, b is the Burgers vector, and v¯ is the mean velocity
of dislocations. The dislocation density is primarily controlled by stress for olivine and follows
the relationship
ρ ∝ σ1.4, (3.2)
(Bai and Kohlstedt, 1992). Commonly observed Burgers vectors are [100] and [001] for olivine
deforming in the climb-controlled regime (Phakey et al., 1972; Goetze and Kohlstedt, 1973).
During climb-controlled dislocation creep, strain rate is primarily controlled by the rate at which
dislocations can climb to overcome impediments such as sessile dislocations. Under these con-
ditions, v¯ can be described by
v¯ =
lg
lc
vc, (3.3)
where lg is the glide distance and lc is the climb distance (Weertman, 1999). The climb velocity,
vc, is given by
vc = 2pi
σVm
RT
Dvol
b
1
ln (Ro/rc)
, (3.4)
where Vm is the molar volume of the crystal, R is the gas constant, T is the absolute temperature,
Dvol is the self-diffusion coefficient of the slowest species diffusing through grain interiors,
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which for the case of olivine is silicon under both anhydrous (Dohmen et al., 2002) and hydrous
conditions (Costa and Chakraborty, 2008), b is the Burgers vector, Ro is the average spacing
between dislocations, and rc is the radius of the dislocation core (Hirth and Lothe, 1968, p.
506-519). By combining Equations 3.1, 3.2, and 3.4, we arrive at
ε˙ ∝ ρ σD vol ∝ σ2.4D vol, (3.5)
if strain rate is limited by diffusion of the slowest diffusing species through the crystal lattice.
A different dependence of strain rate on stress is predicted if strain rate is rate limited by dif-
fusion of the slowest species along the cores of dislocations, often referred to as pipe diffusion.
When pipe diffusion is important, the strain rate is given by
ε˙ ∝ ρ2σD pipe, (3.6)
whereDpipe is diffusion of the slowest species through dislocation cores (Spingarn et al., 1979).
For olivine, using Equation 3.2, this expression becomes
ε˙ ∝ σ3.8Dpipe. (3.7)
Empirically derived constitutive equations for high-temperature creep are thus often expressed
in the general form
ε˙climb = Acσ
nexp
(−Qc
RT
)
, (3.8)
where Ac is a material-specific parameter, n is the stress exponent, and Qc is the activation
energy.
3.2.2 Hydrolytic Weakening in the Climb-controlled Regime
The climb-controlled model of dislocation creep connects microphysical processes, including
the formation of point defects and rates of diffusion, to macroscopic observations of hydrolytic
weakening. As hydrogen enters the olivine lattice in the form of charged point defects (protons),
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it influences the concentrations of vacancies on the metal, silicon, and oxygen sublattices. For
diffusion of silicon by a vacancy mechanism, the relationship between the self-diffusivity of
silicon (DvolSi ) and the concentration of silicon vacancies (XVSi) is
DvolSi = XVSi DVSi , (3.9)
where DVSi is the diffusion coefficient for vacancies on the silicon sublattice (Nakamura and
Schmalzried, 1983). Modification of the XVSi term in Equation 3.9 provides an explanation for
how structurally incorporated hydrogen influences the strength of olivine at high-temperature
conditions. The relationship between strain rate and water fugacity (fH2O) can be expressed by
combining the relationships in Equations 3.5 and 3.9 with the known dependence of strain rate
on fH2O, as
ε˙ ∝ DvolSi ∝ XVSi ∝ f rH2O, (3.10)
where r ≈ 1 (Mei and Kohlstedt, 2000b). The empirically derived value of r ≈ 1 is consistent
with XVSi forming point defects associated with either one or two or three hydrogen atoms
near a silicon vacancy (Kohlstedt, 2006). It is important to note that although hydrogen ions
also enter the olivine lattice in association with metal vacancies, the dominant means by which
hydrogen affects strain rate in the climb-controlled regime is through its influence on the con-
centration of silicon vacancies.
3.2.3 A Glide-controlled Model of Dislocation Creep
For deformation at lower temperature and higher stress conditions, a glide-controlled model of
dislocation creep has been employed to describe the strain rate as a function of stress and tem-
perature for a plastically deforming material. During deformation in a glide-controlled regime,
strain rate is limited by the ability of dislocations to overcome obstacles such as other dislo-
cations, inclusions, grain boundaries, or the lattice resistance (Frost and Ashby, 1982, p. 7-8).
Similar to the climb-controlled model, the glide-controlled model is derived from Equation 3.1,
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with the relationship between dislocation density and stress expressed by Equation 3.2. In the
glide-controlled model v¯ is taken as the velocity of glide (vg), which can be described by
vg ∝ exp
[(−Qg
RT
)(
1−
(
σ
σg
)p)q]
, (3.11)
where Qg is the activation energy of glide, σg is the critical stress required to move dislocations
in the absence of thermal energy, and p and q are parameters describing the shape and spacing of
the impediments to dislocation motion (Kocks, 1976). Values of p and q range from 0.5 to 1 and
from 1 to 2, respectively. Combining Equations 3.1 and 3.11 leads to the following relationship
for a material deforming during glide-controlled creep:
ε˙glide = Agσ
1.4exp
[(−Qg
RT
)(
1−
(
σ
σg
)p)q]
, (3.12)
where Ag is a material-dependent parameter. For olivine, the reported values for Qg, σg, p, and
q vary significantly among several studies (e.g., Evans and Goetze, 1979; Raterron et al., 2004;
Mei et al., 2010; Long et al., 2011; Demouchy et al., 2013).
3.2.4 Hydrolytic Weakening in the Glide-controlled Regime
The theory of hydrolytic weakening for the glide-controlled regime is less well established
than for the climb-controlled regime. One hypothesis for hydrolytic weakening in the glide-
controlled regime that is rate limited by the ablility of dislocations to overcome the lattice resis-
tance is that σe is lowered when hydrogen ions weaken Si-O bonds in silicate crystals (Griggs,
1967). The process of lowering σe results in lower energy of kink formation and propagation.
In turn, the increased propagation rate of kinks results in faster rates of glide and, therefore,
faster strain rates (Katayama and Karato, 2008).
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3.3 Methods
3.3.1 Sample Preparation
The starting materials for all of the experiments in this study were oriented single crystals of
San Carlos olivine. Crystal orientations were determined from electron backscatter diffraction
(EBSD) measurements carried out on flat surfaces that were polished using diamond-lapping
film and colloidal silica. The crystals were then oriented relative to a diamond saw blade and
cut into rectangular parallelepipeds with dimensions of 8.0 x 3.9 x 4.1 mm. The samples were
cut in the [101]c orientation, with the long axes of the samples at 45◦ to [100] and [001], so
that both the (001)[100] and the (100)[001] dislocation slip system would be activated during
deformation.
For each experiment, an oriented crystal was placed into a nickel capsule with a 7 mm outer
diameter, as illustrated in Figure 3.1. Hydrogen was supplied to each crystal by the addition of
either talc or brucite powder placed along the edges of the sample in combination with a drop
of deionized water added immediately before the capsule was sealed using a laser welder. In
addition to supplying hydrogen to the samples, talc and brucite control the chemical environ-
ment at different orthopyroxene activities (aopx) resulting from their reaction products. At high
temperatures, talc dehydrates via the reaction
Mg3Si4O10(OH)2 −→ 3 MgSiO3 + SiO2 + H2O, (3.13)
to produce water, orthopyroxene, and excess silica, which buffers the crystals at high aopx at
experimental conditions. The excess silica produced from the dehydration of talc reacts with
olivine to form a thin layer of orthopyroxene on the surface of the crystal (e.g., Girard et al.,
2013). At high temperatures, brucite dehydrates to
Mg(OH)2 −→ MgO + H2O, (3.14)
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producing water and periclase, which buffers the crystals at a lower aopx at experimental con-
ditions.
Olivine single crystal Nickel
Laser weld locationTalc or brucite powder
[100] [001]
σ1
[100] [001]
σ1ba
Figure 3.1: Illustrations representing the capsules and deformation geometry for experiments
performed in this study. (a) Interlocking thin-walled cylinders of nickel were used in initial
experiments. (b) Thin-walled nickel cylinders with nickel caps were used in later experiments.
The buffering material, either talc or brucite, was sealed inside the capsule by laser welding.
The orientation of compressive stress was at 45◦ to the [100] and [001] olivine crystallographic
axes.
For each experiment, the laser-welded nickel capsule was inserted between alumina and
zirconia pistons and placed inside of an iron jacket. The nickel capsule that contained the
single crystal was positioned in the hot zone of a furnace inside of a gas-medium deformation
apparatus (Paterson, 1990). Temperature was measured using an R-type thermocouple placed
adjacent to the capsule and maintained to within ±2◦C during the duration of each experiment
based on the temperature profile obtained from a calibration run. Each crystal was annealed at
1250◦C and a confining pressure of 300 MPa for 75 minutes to allow hydrogen to diffuse into
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the olivine crystal. each crystal was subsequently deformed at 1250◦, 1200◦, 1150◦, or 1050◦C.
3.3.2 Deformation Experiments
For the deformation portion of each experiment, the actuator was advanced toward the sample
at a rate of 0.01 mm/s until a load of 0.5 kN (corresponding to a stress of ∼30 MPa) was
registered. The actuator was then advanced at a rate of 0.001 mm/s until a predetermined higher
load was achieved. Next, the actuator was set to load control, and the crystal was deformed
using a series of constant load steps, starting with small loads and progressing to larger loads.
During each step, the load was maintained until the displacement rate became constant. At the
end of each load-stepping sequence, deformation at a smaller load was repeated. Comparison of
the strain rate from the last load step of the experiment to the strain rate from an earlier portion
of the experiment at a similar load was used to test for strain hardening or loss of water during
the experiment. After each experiment, the temperature was lowered to below 900◦C within
10 minutes. Temperature and pressure were then simultaneously lowered to 100◦C and 100
MPa, at which point the remaining pressure was released. The load applied to the crystals was
calculated by subtracting the load supported by the nickel capsule and the iron jackets using
published flow laws (Frost and Ashby, 1982, p. 21) and in-lab calibrations.
3.3.3 FTIR Analyses
Fourier transform infrared spectroscopy (FTIR) analyses were carried out on the starting ma-
terial, a sample after the hydration anneal, and samples after deformation. Samples were pre-
pared for FTIR analyses by extracting slices parallel to (010) from the center of each sample.
The slices were adhered to a glass slide using crystalbond adhesive and polished using diamond
lapping film of various particle sizes, finishing with a particle size of 3 µm. The other side of
the sample was then polished following a similar procedure. The final thickness of each sample
used for FTIR analyses was between 300 and 500 µm. After removing the samples from the
glass slide on a hot plate, samples were immersed in acetone for at least 12 hours before FTIR
measurements were carried out.
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Samples were positioned with the [010] axis parallel to an unpolarized IR beam using a
window size of 100 x 100 µm2. Analyses were carried out on areas free of cracks and visible
inclusions. The baseline was determined by using a spline fit to the absorption spectrum be-
tween wavenumbers of 4000 to 3800 and 2800 to 2000 cm−1, regions of the IR spectrum that
are away from the OH stretching bands. Hydrogen concentrations were calculated by numeri-
cal integration of the baseline-corrected spectra over the range of 3000 to 3650 cm−1 using an
established hydrogen calibration (Paterson, 1982) modified with a correction factor of 3.5 (Bell
et al., 2003).
3.3.4 EBSD Analyses
Post-deformation EBSD analyses were used to characterize the development of low-angle bound-
aries, measure crystallographic misorientation in the crystals, and infer the dominant dislocation
slip systems that operated during the experiments. EBSD maps were compiled from data col-
lected from entire slices of deformed crystals by stitching together up to 50 individual maps
using the HKL Channel 5 software. The step sizes used for collecting EBSD data were either
15 or 16 µm. The MTEX toolbox (Bachmann et al., 2010) for Matlab was used to determine
values of Schmid factor and positions of low-angle boundaries. Analyses of the distribution of
orientations of low-angle boundaries were carried out using ImageJ software.
Mechanical data from experiments performed under hydrous conditions during this study
and those performed under anhydrous conditions from previous studies were corrected for small
variations in initial orientation using crystallographic orientations from EBSD analyses. The
values of stress used in determining flow law parameters were calculated by multiplying the
resolved shear stress on the (001)[100] slip system (equal to the resolved shear stress on the
(100)[001] system) by a factor of two. This correction factor, which resulted in maximum
deviation from the applied stress of 10%, ensured that the minor misalignments of the crystals
that occurred during the cutting procedure when preparing the crystals for deformation did not
contaminate the dataset.
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3.4 Results
3.4.1 Results for Experiments at Hydrous Conditions
The results of deformation experiments carried out using brucite-buffered and talc-buffered
samples are presented in Table 3.1. Experiments were conducted at 1050◦ to 1250◦C, differen-
tial stresses between 41 and 306 MPa, and resultant strain rates between 1.5 x 10−6 and 4.4 x
10−4 s−1. At low-stress (≤100 MPa) and high-temperature conditions (≥1200◦C), strain rate
follows a power-law dependence upon stress. At high-stress (≥100 MPa) and low-temperature
conditions (≤1100◦C) conditions, strain rate is more stress sensitive than at low-stress and
high-temperature conditions, suggestive of an exponential dependence upon stress.
Table 3.1: Experimental Conditions and Creep Data
Exp. # σ (MPa) ε˙ (s−1) T (◦C) Buffer ε
PI-1697∗ - - 1250 talc -
PI-1615 100 2.3E-05 1200 talc 1.38
122 6.2E-05 1200 talc 1.45
150 1.2E-04 1200 talc 3.16
204 2.3E-04 1200 talc 1.49
PI-1616 86 1.3E-05 1200 talc 4.26
133 5.6E-05 1200 talc 2.98
206 2.8E-04 1200 talc 2.87
250 4.4E-04 1200 talc 6.41
PI-1618 52 4.5E-06 1200 brucite 0.74
85 3.3E-05 1200 brucite 1.54
133 3.3E-04 1200 brucite 2.74
PI-1622 45 3.2E-06 1200 brucite 1.20
72 1.2E-05 1200 brucite 1.01
Continued on next page
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Table 3.1 – Continued from previous page
Exp. # σ (MPa) ε˙ (s−1) T (◦C) Buffer ε
110 5.6E-05 1200 brucite 3.12
142 1.2E-04 1200 brucite 1.75
166 3.0E-04 1200 brucite 3.87
PI-1766a 64 3.3E-06 1250 talc 0.33
87 9.6E-06 1250 talc 0.30
109 2.6E-05 1250 talc 0.55
75 6.1E-06 1250 talc 0.37
97 1.7E-05 1250 talc 0.50
PI-1766b 132 2.7E-06 1150 talc 0.21
160 7.0E-06 1150 talc 0.23
188 1.6E-05 1150 talc 0.52
138 4.9E-06 1150 talc 0.28
167 9.3E-06 1150 talc 0.34
194 1.9E-05 1150 talc 0.52
PI-1766c 232 1.5E-06 1050 talc 0.08
262 2.7E-06 1050 talc 0.21
294 3.6E-06 1050 talc 0.15
PI-1782a 82 8.1E-05 1250 talc 1.38
99 1.5E-04 1250 talc 1.42
63 3.4E-05 1250 talc 0.49
83 7.7E-05 1250 talc 0.87
42 1.6E-05 1250 talc 0.22
67 3.1E-05 1250 talc 0.68
PI-1782b 93 6.8E-06 1150 talc 0.44
133 2.2E-05 1150 talc 0.99
Continued on next page
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Table 3.1 – Continued from previous page
Exp. # σ (MPa) ε˙ (s−1) T (◦C) Buffer ε
165 4.4E-05 1150 talc 1.23
196 7.2E-05 1150 talc 1.63
129 2.0E-05 1150 talc 0.61
∗Experiment was stopped after hydration anneal.
3.4.2 Comparison to Results under Anhydrous Conditions
Published results from deformation experiments carried out on crystals of San Carlos olivine in
the [101]c orientation under anhydrous conditions were used for determining flow law param-
eters for comparison to the data presented in Table 3.1. Data were obtained from deformation
experiments performed at 900◦ to 1300◦C, differential stresses between 87 and 487 MPa, and
resultant strain rates between 2.0 x 10−6 and 1.8 x 10−4 s−1 (Mackwell et al., 1985; Schneider,
2008; Demouchy et al., 2009). The data from experiments carried out in iron capsules (Mack-
well et al., 1985) were normalized from oxygen fugacity conditions set by Fe/FeO to those set
by the Ni/NiO buffer by using the oxygen fugacity dependence determined by previous studies
(Bai et al., 1991). This normalization results in an increase in strain rate by a factor of 1.8
at 1300◦C. Mechanical data from crystals that had starting length to width ratios of less than
two (Schneider, 2008) were omitted from the data fitting process. This omission ensured that
deformation of all of the analyzed experiments occurred in a similar state of stress.
3.4.3 Determination of Flow Law Parameters
The total measured strain rate, ε˙ total, of crystals deformed under anhydrous and hydrous con-
ditions were fit by minimizing the square of the residuals in a least squares sense for parameters
in a combined flow law composed of two independent mechanisms
ε˙ total = ε˙ climb + ε˙ glide, (3.15)
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where ε˙climb and ε˙glide are Equations 3.8 and 3.12, respectfully. The large number of parame-
ters in the exponential function required some to be held constant during the fitting procedure.
Values of 0.5 and 2 were used for p, and q, respectively. These values were chosen based on
analyses of previous experiments (Demouchy et al., 2013).
Flow law parameters for anhydrous and hydrous conditions were determined by fitting the
data obtained at high-temperature conditions using a power-law relationship (Eq. 3.8) and then
fitting the entire dataset using the combined flow law (Eq. 3.15) with the power-law (Eq. 3.8)
and exponential relationships (Eq. 3.12). For data from anhydrous experiments, Ac, n, and Qc
were determined by fitting data collected at 1200◦ and 1300◦C using Equation 3.8. The values
of Ag, Qg, and σg were then determined by performing a least-squares fit to the entire dataset
using Equation 3.15.
For data from hydrous experiments, values for Ac, n, and Qc were determined using the
data from experiments conducted at 1150◦, 1200◦, and 1250◦C. The data determined from
experiments at 1050◦C under hydrous conditions are in very good agreement with the strain
rate predicted by Equation 3.12 using values of Ag, Qg, and σg determined under anhydrous
conditions. That is, no hydrolytic weakening was detected at 1050◦C for our experimental
conditions.
Our findings can be summarized with the following flow laws combined to yield constitutive
equations for anhydrous and hydrous conditions of the form expressed in Equation 3.15. The
power-law relationship determined from experiments under anhydrous conditions is
ε˙dryclimb = 10
4±2σ3.5±0.3exp
(−470± 62 kJ/mol
RT
)
s−1, (3.16)
for σ in MPa. The power-law relationship determined from experiments conducted under hy-
drous conditions is
ε˙wetclimb = 10
7.5±0.9σ2.5±0.1exp
(−480± 27 kJ/mol
RT
)
s−1. (3.17)
The exponential law under both anhydrous and hydrous conditions is
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ε˙dry,wetglide = 10
0.9±1.4σ1.4exp
(−421± 63 kJ/mol
RT
)(
1−
(
σ
5.8± 0.7 GPa
)0.5)2 s−1.
(3.18)
The results of the least-squares fit are in good agreement with experimentally determined values
of strain rate and stress as presented in Figures 3.2 and 3.3.
3.4.4 Dependence of Strain Rate on Orthopyroxene Activity
The influence of aopx on the strain rate of olivine single crystals under hydrous conditions is
apparent from the mechanical data for brucite-buffered samples and talc-buffered samples in
Figure 3.4. At these conditions the dehydration of brucite to periclase results in a aopx of ∼
0.12 based on a value of -25.7 kJ/mol for the Gibbs free energy of formation of iron-bearing
olivine from mixed oxides at 1200◦C (Hobbs, 1983) whereas the talc-buffered samples are fixed
at aopx of ∼ 1. At the same stress, the strain rate of brucite-buffered crystals is approximately a
factor of three times faster than talc-buffered samples. This observation can be generalized to
ε˙ ∝ avopx, (3.19)
where v describes the sensitivity of the strain rate to aopx. A least-squares fit of strain rates as a
function of aopx for talc-buffered and brucite-buffered data at 1200◦C yields v ≈ -0.5, compared
to a value of 1.2 determined for olivine crystals deformed under anhydrous conditions (Ricoult
and Kohlstedt, 1985a).
3.4.5 Results from FTIR Analyses
The FTIR spectra presented in Figure 3.5 demonstrate that a significant amount of hydrogen was
incorporated into the olivine lattice during talc-buffered experiments. Spectra from the starting
material (natural San Carlos olivine) reveal no absorption peaks over the range of wavenumbers
that are associated with OH stretching. The talc-buffered crystal from the experiment that was
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Figure 3.2: Strain rate as a function of stress for single crystals deformed under anhydrous
conditions. The solid lines are a combination of the power and exponential laws (Equations
3.16 + 3.18) and the dotted lines are the power law alone (Equation 3.16). At high-temperatures,
the data are well described by the power-law relationship, whereas at lower temperatures the
data are weaker than predicted from the power-law. Triangles are from Mackwell et al. (1985),
circles are from Schneider (2008), and diamonds are from Demouchy et al. (2009).
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3.18) and the dotted lines are the power law alone (Equation 3.17). At high-temperatures, the
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Figure 3.4: Stress versus strain rate for crystals deformed in the [101]c orientation at 1200◦C in
different chemical environments. Red data points are for orthopyroxene-buffered samples from
Schneider (2008), blue data points are for talc-buffered samples, and grey data points are for
brucite-buffered samples. The lines are least-square fits for each buffer using a power-law rela-
tionship with a stress exponent of 3. For a given stress, ε˙ talc−buffered ≈ 3 ε˙ orthopyroxene−buffered
and ε˙ brucite−buffered ≈ 3 ε˙ talc−buffered.
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stopped after a hydration anneal at 1250◦C contains 190 ppm H/Si whereas post-deformation
analyses yield hydrogen contents of 260 ppm H/Si and 210 ppm H/Si after deformation of
talc-buffered crystals at 1200◦ and 1050◦C, respectively.
The FTIR spectra for talc-buffered samples reveal variation in peak height but not peak
position among the samples. The dominant peak positions are at wavenumbers of 3573, 3526,
3357, 3328, and 3229 cm−1. The height of absorption peaks at wavenumbers 3573 and 3526
cm−1, corresponding to Group I IR bands (Bai and Kohlstedt, 1993), increase with increasing
temperature for deformed samples. In contrast, the heights of peaks at wavenumbers 3357,
3328, and 3229 cm−1, corresponding to Group II IR bands, are similar at different temperatures.
Post-deformation FTIR spectra of brucite-buffered samples yield hydrogen contents similar
to those from talc-buffered samples. However, some of the Group II IR bands observed in talc-
buffered samples are not observed in brucite-buffered samples. Specifically, the small peaks
at 3357 and 3329 cm−1 are absent in brucite-buffered samples, as demonstrated in the FTIR
spectra in Figure 3.6.
3.4.6 Results from EBSD Analyses
EBSD analyses of deformed samples reveal the development of intracrystalline misorientation
and low-angle boundaries. Rotational axes parallel or subparallel to the [010] axes are dominant
in samples deformed at both anhydrous and hydrous conditions, as presented in Figure 3.7. The
strength of the concentration of rotational axes about the [010] axis is strongest at 1050◦C
under hydrous conditions and weakest at 1000◦C under anhydrous conditions, where a slight
preference in the direction of the [100] axis becomes apparent.
Straight low-angle boundaries are present in the deformed samples, as presented in Fig-
ure 3.8. In experiments under hydrous conditions, in the power-law creep regime, low-angle
boundaries align preferentially in the (100) planes with a smaller population oriented parallel
to the (001) planes. In contrast, in experiments under anhydrous conditions, in the exponential
creep regime, low-angle boundaries preferentially align in the (001) planes with an additional
population aligning with the (100) planes.
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Figure 3.5: Unpolarized FTIR spectra taken with the IR bean parallel to [010] for (a) a natural
crystal of San Carlos olivine, (b) a crystal hydrothermally annealed at 1250◦C, (c) a crystal
hydrothermally annealed at 1250◦C and then deformed at 1200◦C, and (d) a crystal hydrother-
mally annealed at 1250◦C and then deformed at 1050◦C. The spectra in b, c, and d were from
experiments on talc-buffered crystals.
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Figure 3.6: FTIR spectra taken parallel to IR beam parallel to [010] for crystals annealed and
deformed in the presence of talc (blue) or brucite (black). The magnitude and positions of
peaks are similar except that the brucite-buffered sample lacks the minor peaks between 3300
and 3400 cm−1 that are present in spectra from the talc-buffered sample.
An analysis of the distributions of low-angle boundaries determined using the fast multiscale
clustering method in MTEX toolbox is presented in Figure 3.9. For the crystal deformed in the
power-law creep regime, the normalized concentration of low-angle boundaries parallel to the
(100) plane is >3 times larger than that predicted for a uniform distribution. In contrast, for
the crystal deformed in the exponential creep regime, the normalized concentration of low-
angle boundaries parallel to the (001) plane is >3 times larger than that predicted for a uniform
distribution.
3.5 Discussion
3.5.1 Deformation in the Climb-Controlled Regime
The flow laws presented in Equations 3.16 and 3.17 are consistent with deformation occurring
by climb-controlled dislocation creep at high-temperature conditions. In experiments conducted
under anhydrous conditions and at high aopx, results of the least-squares fit in Equation 3.16
yield a value of n of ∼3.5. This value of n is consistent with deformation that is rate limited by
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Figure 3.7: Inverse pole figures of misorienation axes in the crystallographic coordinate system.
Rotational axes are for misorientations between 1 to 10 degrees for neighboring pixels from ori-
entation maps of deformed samples. The scale for multiples of uniform distribution is presented
on the bottom of the figure. The concentration around the [010] axis and are consistent with
deformation occurring primarily by dislocations on the (001)[100] and (100)[001] slip systems.
the climb of dislocations, with the climb velocity controlled by diffusion of the slowest species
through the cores of dislocations (Hirth and Kohlstedt, 2015). In experiments conducted under
hydrous conditions, at high aopx, and at high temperatures, results of the least-squares fit in
Equation 3.17 yield a value of the n of ∼2.5. This value of n is compatible with deformation
occurring in a climb-controlled regime, with the climb velocity controlled by diffusion of the
slowest species through the lattice (Hirth and Kohlstedt, 2015).
A similar hydrogen-induced transition in the value of n is apparent by comparing previous
work on both single crystal and polycrystalline olivine. For single crystals, a value for n of∼3.5
was determined under anhydrous conditions (Durham and Goetze, 1977; Ricoult and Kohlstedt,
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Figure 3.8: Maps of misorientation and pole figures with orientations for samples PI-1766 (left)
and PI-1427 (right). The value of misorientation in each map is relative to the orientation at
center of the crystal along the boundary with the adjacent alumina piston. Pole figures are equal
area and lower hemisphere projections with corresponding scale of multiples of uniform distri-
bution on the right. The development of crystallographically controlled low-angle boundaries is
apparent in the misorientaiton maps and is consistent with deformation occurring by the motion
of dislocations.
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Figure 3.9: Histograms of the normalized concentration of the orientations of low-angle bound-
aries for samples PI-1766 (left) and PI-1427 (right). The differences in preferred orientation of
low-angle boundaries in the two samples may suggest different populations of dislocation types
operate at the different experimental conditions.
1985b; Bai et al., 1991), whereas a value of ∼2.5 was determined under hydrous conditions
(Mackwell et al., 1985). For experimentally deformed natural dunite, a value of n of ∼4.8 was
obtained when deformation occurred in the absence of water, whereas a value of of ∼2.4 was
determined when deformation occurred in the presence of water (Carter and Ave’Lallemant,
1970). For fine-grained olivine aggregates, a value of n of ∼3.5 was obtained under anhydrous
conditions, whereas a value of ∼3.0 was determined under hydrous conditions (Karato et al.,
1986).
A hydrogen-induced transition in the value of value of n was not determined in some pre-
vious work on hydrolytic weakening in olivine. A value of n of ∼3.6 was determined for both
dry Anita Bay and dry A˚heim dunite, whereas wet Anita Bay dunite yielded a value of ∼3.4
and wet A˚heim dunite yielded a value of ∼4.5 (Chopra and Paterson, 1984). The lack of a
systematic hydrogen-induced transition in the value of n obtained from Anita Bay and A˚heim
dunite may possibly be attributed to the presence of additional phases, including possibly melt
(Hirth and Kohlstedt, 1996), in the starting material. Fine-grained olivine aggregates revealed
a value of n of ∼3 at both wet and dry conditions (Mei and Kohlstedt, 2000b). However, these
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data were obtained from samples that were deformed near the transition from diffusion creep
to dislocation creep, which increases the difficulty of obtaining precise values of n for the two
mechanisms.
The differences in strain rate at fixed temperature and stress between brucite-buffered and
talc-buffered samples in Figure 3.4 are consistent with deformation occurring in the climb-
controlled dislocation creep regime that is governed by diffusion of silicon through the crystal
lattice. Diffusion of silicon through the olivine crystal lattice is controlled by both fH2O and
the aopx. Under hydrous conditions (i.e., talc-buffered or brucite-buffered experiments), hydro-
gen ions are introduced into olivine which act to increase XVSi . The different orthopyroxene
buffers also influence XVSi where brucite, dehydrated into periclase, acts to suppress vacancies
associated with metal sites and talc, dehydrated into orthopyroxene, acts to suppress vacancies
associated with silicon sites.
The creep data presented in Figures 3.2 and 3.3 can be used to evaluate the model of climb-
controlled dislocation creep. The rate of climb predicted by Equation 3.4 using the silicon
self-diffusion coefficient for olivine under anhydrous conditions (Dohmen et al., 2002) demon-
strate that a ratio of the length of glide to the length of climb, lg/lc, of 104 is required to match
the strain rates determined from Equation 3.16. However, values of lg/lc are unlikely to exceed
∼100 for typical experimental conditions (Hirth and Kohlstedt, 2015). In addition, the time re-
quired to diffuse a silicon ion one unit cell using this value of silicon self-diffusion coefficient is
∼2.5 hours, revealing that deformation rates would be exceedingly slow for these conditions if
deformation occurs in a climb-controlled regime that is controlled by lattice diffusion (Kohlst-
edt, 2007; Hirth and Kohlstedt, 2015). These observations strongly suggest that the strain rate
of anhydrous olivine crystals deforming at high temperatures cannot be rate limited by diffusion
of silicon through the olivine lattice.
In contrast, measured values of silicon diffusivity in olivine under hydrous conditions, when
combined with Equation 3.4, are consistent with the experimental observations presented in
Figure 3.3. Using the silicon self-diffusion coefficient for olivine obtained under hydrous con-
ditions (Costa and Chakraborty, 2008) for fH2O ≈ 300 MPa, values of lg/lc required to match
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the strain rate in Equation 3.17 range from 90 to 150 for values of the fH2O exponent for silicon
self-diffusion (r) ranging from 0.5 to 1.0. These values of lg/lc and are on the same order of
magnitude, and therefore compatible with, dislocation creep that is rate limited by diffusion of
silicon through the olivine lattice (Hirth and Kohlstedt, 2015). Furthermore, the calculated time
required to climb one unit cell is reduced to 4 to 7 seconds using the same values of r. These
times are compatible with climb that is limited by lattice diffusion occurring during the duration
of a deformation experiment. We also note that additional data are available for silicon diffusion
for iron-free olivine (Fei et al., 2012, 2013), but a direct application of these data to deformation
of iron-bearing olivine is not appropriate due to the importance of iron on the concentration of
point defects in olivine (e.g., Nakamura and Schmalzried, 1983).
3.5.2 Deformation in the Glide-Controlled Regime
At temperatures≤1100◦C and stresses≥100 MPa, the mechanical data presented in Figures 3.3
and 3.2 are weaker than predicted by the climb-controlled relationship, suggesting deformation
occurring in the glide-controlled dislocation creep regime. Importantly, Equation 3.18 fits the
data from both anhydrous and hydrous experiments performed at low-temperature, and high-
stress conditions. Although hydrolytic weakening is observed in the climb-controlled regime, it
is not observed in the glide-controlled regime for the experimental conditions of this study.
However, results from experiments performed on olivine aggregates at conditions of higher
fH2O demonstrate that hydrolytic weakening occurs in the glide-controlled regime. A lower
value of Peierls stress was determined for olivine deformed under hydrous conditions com-
pared to anhydrous conditions (Katayama and Karato, 2008). The discrepancy between that
observation and the data presented in Table 3.1 and Figures 3.3 and 3.2 are likely the result of
the higher fH2O conditions (∼ 12 GPa) resulting from the higher pressure conditions (∼ 2 GPa)
used in the Katayama and Karato (2008) study. Therefore, it is likely that conditions of higher
fH2O are needed in order to achieve significant hydrolytic weakening in the glide controlled
dislocation creep regime. A similar conclusion was reached from analysis of data from exper-
imentally deformed quartz single crystals, where it was reported that a minimum of 100 ppm
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H/Si is needed to weaken quartz single crystals at 1070◦C, whereas 9000 ppm H/Si is needed
at 380◦C (Griggs and Blacic, 1964).
3.5.3 Microstructural Observations
Deformation of olivine in the climb-controlled regime involves simultaneous operation of multi-
ple dislocation slip systems. At high-temperature, low-stress conditions in the climb-controlled
regime, deformation occurs primarily by the motion of dislocations on the (010)[100], (001)[100],
(100)[001], and (010)[001] slip systems with possible additional activation of the (0kl)[001] and
(110)[001] systems (Durham and Goetze, 1977; Durham et al., 1977). The [101]c orientation
used in this study produces no resolved shear stress on dislocation slip systems that involve
glide on the (010) plane, so that the contribution of the (010)[100] and (010)[001] slip systems
to the strain rate is negligible. The observed rotations about the [010] axis presented in Figure
3.7 are consistent with the formation of low-angle boundaries due to operation of the (001)[100]
and (100)[001] slip systems, with minor contribution from other slip systems likely gliding on
the (0kl) or (110) planes. However, the relative contribution of individual slips systems to the
strain in the sample cannot be inferred from Figure 3.7.
The relative contribution of the (001)[100] and (100)[001] slip systems may be inferred
form the rotation of the crystals in Figure 3.8. During dislocation creep of single crystals,
the crystallographic plane on which most of the dislocations responsible for deformation in
single crystals operate rotates so that its crystallographic axis becomes more parallel with the
direction of the applied stress (Durham and Goetze, 1977). At conditions of high temperature
and low stress, consistent with deformation in the climb-controlled regime, the crystal rotates
so that the [001] axis rotates towards the direction of applied stress. Whereas, at conditions
of low temperature and high stress, consistent with deformation in the glide-controlled regime,
the crystal rotates so that the [100] axis rotates towards the direction of applied stress. These
observations are congruous with the dominance of the (001)[100] slip system in the climb-
controlled regime and the (100)[001] slip system in the glide-controlled regime.
The results presented in Figure 3.9 give more insight into the identity of the dominant slip
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system at different conditions. The preferred orientation of low angle boundaries in the (100)
plane in a sample deformed in the presence of talc at 1250◦, 1150◦, and 1050◦C is consistent
with the dominance of [100] Burgers vectors during climb-controlled dislocation creep under
hydrous conditions. In contrast, in a sample deformed at 1000◦C and under anhydrous condi-
tions, low angle boundaries preferentially align in the (001) plane, consistent with deformation
that is dominated by glide of edge dislocations with [001] Burgers vectors.
3.5.4 Scaling to Mantle Conditions
Scaling of these results to upper mantle conditions requires extrapolation over significant ranges
of stress, temperature, and hydrogen concentration. Importantly, hydrogen contents in our sam-
ples are ∼200 ppm H/Si, considerably less than the 1000 to 3000 ppm H/Si predicted to be
present in the upper mantle (Hirschmann, 2006). Therefore, the results presented above are
a lower-bound for hydrolytic weakening in olivine single crystals at upper mantle conditions.
Using the constitutive relationships presented in Equations 3.16, 3.17, and 3.18, it is possible to
scale to lower stress conditions as presented in Figure 3.10. For a typical laboratory stress of 200
MPa, the flow laws yield a hydrolytic weakening factor (ε˙wet/ε˙dry) of ∼1 at 600◦C, which in-
creases to∼10 at 1400◦C. In contrast, for a typical lithospheric stress of 20 MPa, the hydrolytic
weakening factor increases from∼1 at 900◦C to∼50 at 1400◦C. These results demonstrate that
a small amount of structurally incorporated hydrogen results in significant weakening of olivine
at asthenospheric mantle conditions.
3.6 Conclusions
Hydrolytic weakening is observed in samples deformed at high-temperature conditions and
results in lower values of n compared to crystals deformed under anhydrous conditions. These
observations are consistent with dislocation motion that is rate limited by pipe diffusion under
anhydrous conditions and by lattice diffusion under hydrous conditions. Hydrolytic weakening
is not observed at low-temperature and high-stress conditions in the glide-controlled dislocation
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Figure 3.10: Plot of the ratio of strain rates predicted using Equation 3.15 with the flow law pa-
rameters for wet (hydrous) or dry (anhydrous) deformation from Equations 3.16, 3.17, and 3.18.
The black line represents a typical laboratory stress of 200 MPa and the dotted line represents a
typical lithospheric stress of 20 MPa. The larger ratio of strain rates predicted under lithospheric
stress conditions is a result of the different values of stress exponent, which reflect the differ-
ent microphyical processes operating for olivine under hydrous and anhydrous conditions at
high temperature. At lower temperatures, hydrolytic weakening is less pronounced because the
exponential function in Equation 3.18 describes both hydrous and anhydrous samples equally
well.
creep regime for our experimental conditions. Extrapolation of the flow laws derived from data
in this study to conditions of stress and temperature of upper mantle conditions demonstrates
significant hydrolytic weakening occurs in olivine single crystals.
Chapter 4
Observations of grain-size sensitive
power-law creep of olivine aggregates
over a large range of lattice-preferred
orientation strength
This chapter is under review for publication in the Journal of Geophysical Research, with
co-authors Lars Hansen, Miki Tasaka, Cameron Meyers, Mark Zimmerman, and David
L. Kohlstedt.
Grain-size sensitive (GSS) power-law creep of San Carlos olivine aggregates was investi-
gated by comparing strain rates measured in laboratory deformation experiments to strain rates
determined from a micromechanical model of intragranular dislocation processes. The plastic
flow behavior of olivine aggregates due solely to intragranular slip was determined using flow
laws for olivine single crystals in combination with grain orientations measured by electron-
backscatter diffraction. Measured strain rates were compared to results from the micromechan-
ical model for samples deformed in compression to an axial strain of <0.2 and in torsion to
a shear strain of up to 7.4. Olivine aggregates deform up to a factor of 4.6 times faster than
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the maximum possible rates determined from the micromechanical model of intragranular slip.
Comparison of our data to published flow laws indicates that diffusion creep cannot account
for this difference. The ratio of experimentally determined strain rates to those from the mi-
cromechanical model is strongly dependent upon grain size, but is independent of stress and
strength of lattice-preferred orientation. These observations indicate that GSS power-law creep,
consistent with dislocation-accommodated grain-boundary sliding, occurs in both weakly and
strongly textured olivine aggregates at the studied conditions.
4.1 Introduction
Geodynamic simulations of solid-state flow in the upper mantle require flow laws derived from
experimental deformation of olivine-rich rocks. These flow laws define rheological regimes,
which describe conditions at which the mechanical behavior of materials behave in a defined
manner. An important aspect of experimental deformation is relating flow laws to deformation
mechanisms that describe the atomistic process that give rise to flow (Frost and Ashby, 1982).
Multiple deformation mechanisms may operate simultaneously during high-temperature defor-
mation. The relative influence of each mechanism depends upon state variables including grain
size, stress, and strength of lattice-preferred orientation (LPO) (Evans, 2005), each of which
may vary significantly between laboratory and upper-mantle conditions. It is therefore possible
that the dominant deformation mechanism at laboratory conditions is not the dominant mech-
anism under mantle conditions, a situation that would result in significant error in geodynamic
simulations. To evaluate the contributions of different deformation mechanisms operating dur-
ing polycrystalline deformation, we compared strain rates measured in deformation experiments
on olivine aggregates to strain rates determined from a micromechanical model.
The micromechanical model used in this paper allows for isolation of the contribution of
the motion of lattice dislocations, a grain size insensitive (GSI) process, to the total strain rate
of an aggregate. This step is carried out by combining crystallographic orientation data from
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deformation experiments on olivine aggregates with flow laws for individual slip systems ob-
tained from high-temperature creep experiments on olivine single crystals. We compare strain
rates determined from the micromechanical model to strain rates measured from experimentally
deformed samples to quantify the influence of grain-size sensitive (GSS) processes. These data
are then used to identify the dominant deformation mechanism that is operating at different
conditions of grain size, stress, and strength of LPO.
Multiple rheological regimes have been identified during high-temperature steady-state de-
formation of olivine aggregates. These regimes include GSS linear creep, GSS power-law creep,
and GSI power-law creep. The steady-state rheological behavior of olivine aggregates under
high-temperature conditions is well described by flow laws of the form
ε˙ = A
σn
dp
f mO2 f
r
H2Oexp
(−Q
RT
)
, (4.1)
where ε˙ is strain rate, A is a material specific parameter, σ is differential stress, n is the stress
exponent, d is grain size, p is the grain size exponent, fO2 is oxygen fugacity, m is the oxygen
fugacity exponent, fH2O is water fugacity, r is the water fugacity exponent, Q is activation
enthalpy, R is the gas constant, and T is temperature. If the rheological regimes represent
deformation mechanisms that operate independently of one another, the total strain rate for a
viscously deforming aggregate, ε˙total, can be expressed as a constitutive equation of the form
ε˙total = ε˙GSS-linear + ε˙GSS-power + ε˙GSI-power, (4.2)
where the subscripts GSS-linear, GSS-power, and GSI-power refer to the strain rates from GSS
linear creep, GSS power-law creep, and GSI power-law regimes, respectively.
The flow law parameters that define individual rheological regimes of a plastically deform-
ing olivine aggregate may be used to infer the dominant, or rate-controlling, deformation mech-
anism operating in each regime. During GSS linear creep, n equals 1 and p equals 2 or 3, and
deformation occurs by a diffusion mechanism (Nabarro, 1948; Herring, 1950; Coble, 1963).
GSS power-law creep occurs when n is greater than 1 and p is greater than 0, and indicates
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deformation occurs by a mechanism that involves the motion of lattice dislocations aided by
deformation associated with the migration of and displacement along grain boundaries (Lang-
don, 1994). GSI power-law creep occurs when values of n are 3 to 4 and values of p are
0 and indicates that dislocation creep is dominant (Poirier, 1985, p. 103-109). The domi-
nant deformation mechanisms operating during GSS linear creep and GSI power-law creep are
well agreed upon. However, the deformation mechanism operating during the GSS power-law
regime of olivine aggregates has been attributed to dislocation-accommodated grain boundary
sliding (disGBS) (Hirth and Kohlstedt, 2003; Drury, 2005; Hansen et al., 2011, 2012) or dy-
namic recrystallization-controlled (DRX) dislocation creep (Platt and Behr, 2011; Johanesen
and Platt, 2015).
The dominant deformation mechanism may also be inferred from microstructural observa-
tions of deformed rocks. Typically, a strong LPO is interpreted as evidence of dislocation creep,
while a weak LPO or nearly random orientation distribution is interpreted as evidence of dif-
fusion creep (e.g., Warren and Hirth, 2006; Mehl and Hirth, 2008; Toy et al., 2010). However,
determination of the dominant deformation mechanism based on microstructural observations
is not always straightforward. In olivine aggregates that were experimentally deformed in GSS
linear and GSS power law regimes, LPOs of various strength have been observed. For example,
a LPO has been observed in very fine-grained olivine aggregates deformed at low differential
stress with n close to 1, suggesting fabric development may occur when diffusion creep is the
dominant deformation mechanism (Miyazaki et al., 2013; Sundberg and Cooper, 2008). Simi-
larly, a LPO has been observed in olivine aggregates in which n is approximately 3 and p equals
0.7 (Hansen et al., 2011), indicating that a LPO develops during GSS power-law creep.
In naturally deformed mantle rocks interpreted to have deformed by both GSS linear and
GSS power-law creep, a LPO has also been observed. Lherzolite deformed at lithospheric
mantle conditions displays a weak olivine LPO at conditions of stress and grain size near the
transition from GSS linear to GSS power-law creep (Drury et al., 2011). Peridotite deformed
at conditions consistent with GSS power-law creep develops an LPO whose strength and orien-
tation correlates with grain size (Pre´cigout and Hirth, 2014). Numerical simulations indicate
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that mantle materials retain a preexisting LPO after deformation via GSS linear creep (Wheeler,
2009), further complicating the interpretation of observations of LPO in the field.
These observations highlight the need for a method, in addition to experimentally deter-
mined flow law parameters and observation of microstructure, to infer the activity of individual
deformation mechanisms in deformed rocks. In this paper, results from a micromechanical
model are compared to measurements of strain rate from experimentally deformed olivine ag-
gregates to investigate the operation of GSS power-law creep as a function of grain size, stress,
and LPO strength. This process provides an additional tool to investigate the nature of the
deformation mechanism that operates during GSS power-law creep of olivine aggregates.
4.2 Methods
Mechanical and crystallographic orientation data from experiments on olivine aggregates de-
formed in triaxial compression, direct shear (samples sheared between pistons cut at 45◦ to the
compression direction), or torsion were utilized for the micromechanical model. The starting
material for all experiments consisted of dried powders of San Carlos olivine that were uniaxi-
ally cold pressed at 100 MPa pressure and room temperature and then isostatically hot pressed
at 300 MPa and 1200◦ or 1250◦C. During the hot press and deformation portion of the experi-
ments, the samples were surrounded by a nickel sleeve to control oxygen fugacity at the Ni/NiO
buffer.
Values of grain size were determined from EBSD analyses of deformed samples using the
MTEX toolbox for MATLAB R© (Bachmann et al., 2010). Examples of typical EBSD maps
used to quantify grain size and LPO are presented in Figure 4.1. Step sizes used for EBSD
mapping were between 0.25 and 1.0 µm and a critical misorientation angle of 10◦ was used
to separate grains. Clusters of less than 5 pixels were omitted from calculations of grain size
values for each sample. The mean grain size for each sample was determined by taking the
arithmetic mean of the equivalent diameter of the grains calculated from the area. Values of
grain size for each sample are well fit by a log-normal distribution. The mean value was then
69
multiplied by a factor of 1.5 to correct for artifacts introduced by the non-spherical nature of
olivine grains as described by Underwood (1970, p. 80-93).
The steady-state values of stress and strain rate at the last segment of deformation of each
experiment were used in the micromechanical model. Therefore, measurements of crystallo-
graphic fabric and grain size directly correspond with the mechanical data. A uniform stress
condition is assumed such that the strain rate of each grain is calculated from the orientation of
the dislocation slip systems with respect to the applied stress. The strain rate from dislocation
creep for each grain in a deformed aggregate is estimated using published single crystal flow
laws combined with the crystallographic orientation of the grain determined from EBSD. The
stress tensor in the sample reference frame for triaxial compression, σ t, is
σ t =

σA + P 0 0
0 P 0
0 0 P
 (4.3)
and the stress tensor in the sample reference frame for torsion or direct shear experiments, σ s,
is
σ s =

P σA 0
σA P 0
0 0 P
, (4.4)
where σA is the applied stress and P is the confining pressure. Either stress tensor can then be
rotated into the crystallographic reference frame, as indicated by the prime symbol, by σ′ =
RTσ R, where R is the rotation matrix defining the orientation of the crystal reference frame
relative to the sample reference frame.
The symmetric glide tensor, µα, for each slip system (α) is determined from the relation
(Lebensohn and Tome´, 1993)
µα =
1
2
(
bαi n
α
j + b
α
j n
α
i
)
, (4.5)
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Figure 4.1: Maps of grains, reconstructed from EBSD data, for samples PI3-1477 (top), PI10-
941 (middle), and PI10-949 (bottom). Colors represent values of Schmid factor calculated for
the (010)[100] slip system.
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where b is the Burgers vector and n is a unit vector normal to the slip plane for each slip system.
The shear stress resolved onto each slip system, τα, is calculated by
τα = µα : S′, (4.6)
where the deviatoric stress tensor, S′, is
S′ =

σ11 − σm σ12 σ13
σ21 σ22 − σm σ23
σ31 σ32 σ33 − σm
 , (4.7)
and σm = 13trace(σ
′).
Once the differential stress on each slip system, ∆σα, is determined from
∆σα = |2τα|, (4.8)
the strain rate due to dislocation glide is calculated. The strain rate due to glide, ε˙αg , on each
slip system is then calculated using the flow laws from Table 4 of Bai et al. (1991) for olivine
single crystals deforming by dislocation creep, which is
ε˙αg = ε˙
α
g
(
∆σα,T, fO2
)
sgn (τα), (4.9)
where sgn (τα) indicates the sign (positive or negative) of the value of the resolved shear stress
on the given slip system. The [110]c, [101]c, and [011]c orientations were assumed to deform by
operation of the (010)[100], (001)[100], and (010)[001] slip systems, respectively. To calculate
the total strain rate due to glide in each grain, shear strain rates from glide, γ˙αg , are required:
γ˙αg = 2 ε˙
α
g . (4.10)
The strain rate tensor for glide in the crystallographic reference frame, ε˙′g, is determined for
each grain by summing the contribution from all of the slip systems:
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ε˙′g =
3∑
α=1
µαγ˙αg . (4.11)
To calculate the strain rate of the aggregate, the strain rate tensor must be rotated back into
the sample reference frame. The strain rate tensor for each grain in the sample reference frame,
ε˙grain, is
ε˙grain = R
T ε˙′g R =

ε˙11 ε˙12 ε˙13
ε˙21 ε˙22 ε˙23
ε˙31 ε˙32 ε˙33
 . (4.12)
Assuming a uniform stress state and ignoring strain compatibility, we estimate the volume-
averaged strain rate from
ε˙ =
N∑
α=1
ε˙ αgrainV
α
grain
N∑
α=1
V αgrain
, (4.13)
where Vgrain is the volume of each grain. The calculated value of the equivalent strain rate
due to dislocation creep using the measured crystallographic orientations from deformation
experiments, ε˙ dis, is
ε˙ dis =
√
2
3
ε˙ ij ε˙ ji , (4.14)
which allows for comparison between experiments carried out in different deformation ge-
ometries. Values of ε˙ dis were calculated using the distribution of grain orientations as de-
termined from EBSD analyses, ε˙ calc-fabric, and calculated from a uniform fabric, ε˙ calc-uni, gen-
erated from a large population of random grain orientations. A complete description of the
MATLAB R© script used to carry out the calculations is presented in Appendix A.
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4.3 Results
Calculated values of equivalent strain rate for individual grains determined from Equation 4.12
depend upon grain orientation, as illustrated in Figure 4.2. The grains with the largest values of
resolved shear stress on (010)[100] (RSS(010)[100]) have the highest values and smallest range of
calculated equivalent strain rate. Grains that have the smallest values of RSS(010)[100] generally
have lower values and a larger range of calculated equivalent strain rate.
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Figure 4.2: Calculated values of equivalent strain rate for each grain in a compression experi-
ment as a function of resolved shear stress on the (010)[100] slip system.
The primary microstructural difference between samples deformed in triaxial compression
to those deformed in direct shear and torsional shear is the strength and geometry of the LPO as
presented in Figure 4.3. For the case of compression, the [010] axes align preferentially with the
compression axis, and the [100] and [001] axes form a girdle perpendicular to the orientation
of the compression axis. For direct shear and torsion experiments, the [100] axes preferentially
align in the direction of shear, and the [010] and [001] axes form a girdle around the direction
of shear that is associated with a maximum of [010] perpendicular to the shear plane. Values
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for the J-index, a measure of fabric strength (Bunge, 1982), range from 1.2 for compression
experiments and up to 5.5 for torsion experiments.
To quantify the difference between the measured strain rate, ε˙meas, and ε˙ calc-fabric, we
define the strain rate enhancement factor, f, as
f =
ε˙meas
ε˙ calc-fabric
. (4.15)
Measured and calculated values of strain rate and associated values of f are presented in Table
4.1. The values of f vary as a function of grain size, but are nearly independent of stress and
LPO, as illustrated in Figure 4.4. A least-squares fit of f as a function of grain size measured at
the end of each experiment yields
f = 101.1± 0.6d−1.0± 0.7 , (4.16)
where d is the grain size in 10−6 m.
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Figure 4.3: Equal area, lower hemisphere pole figures generated from EBSD measurements for
each data set used in the micromechanical model. Values of multiples of uniform distribution
are represented by the color scale. All of the experiments performed on PI3 were carried out
in triaxial compression, with the exception of PI3-284, which was carried out in direct shear.
The experiments preformed using PI10 were carried out in torsional shear. The orientation of
maximum compression is to the north for pole figures from compression experiments and the
direction of shear is top to the right for pole figures from shear experiments.
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Exp # σ (MPa) d (µm) T (K) γ J ε˙meas (s−1) ε˙calc−fabric (s−1) ε˙calc−uni (s−1) f
PI3-1477↓ 304 6.3 1473 0.4 1.2 5.60E-05 2.30E-05 2.99E-05 2.4
PI3-1514↓ 328 20.0 1473 0.1 1.3 1.50E-05 3.10E-05 3.90E-05 0.5
PI3-1519↓ 290 4.6 1473 0.2 1.3 6.20E-05 2.00E-05 2.54E-05 3.1
PI3-1523↓ 420 5.4 1473 0.3 1.3 9.80E-05 7.30E-05 9.27E-05 1.3
PI3-1543↓ 441 16.0 1473 0.4 1.2 7.00E-05 8.60E-05 1.10E-04 0.8
PI3-284
 414 7.0 1473 1.1 1.7 1.70E-04 1.00E-04 5.18E-05 1.7
PI10-941 227 7.2 1523 1.3 2.4 1.30E-04 2.80E-05 6.32E-06 4.6
PI10-264 369 3.6 1473 3.5 1.7 1.86E-04 8.50E-05 3.46E-05 2.2
PI10-951 171 12.1 1523 3.6 5.1 3.60E-05 5.48E-05 2.35E-06 0.7
PI10-951 177 12.1 1523 4.0 5.2 4.00E-05 5.84E-05 2.65E-06 0.7
PI10-951 182 11.4 1523 4.3 4.8 4.40E-05 6.32E-05 2.92E-06 0.7
PI10-951 187 11.5 1523 4.7 5.5 4.70E-05 7.58E-05 3.21E-06 0.6
PI10-951 191 10.9 1523 5.1 5.3 5.10E-05 7.77E-05 3.45E-06 0.7
PI10-951 197 11.6 1523 5.5 3.3 5.70E-05 5.86E-05 3.85E-06 1.0
PI10-949 238 6.8 1523 7.4 2.9 1.90E-04 6.40E-05 7.46E-06 3.0
↓triaxial compression 
direct shear torsional shear
Table 4.1: Table of experimental conditions and results of the micromechanical model. Values of σ and ε˙ are in equivalent terms.
Strain in compression experiments was converted to shear strain for comparison. The deformation geometry for each experiment
is indicated by the symbols referenced below the table. Data from compression and direct shear experiments were previously
reported in Hansen et al. (2011) and Lee et al. (2002) respectively.
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4.4 Discussion
The values of f presented in Table 4.1 indicate that the strain rates obtained from the microme-
chanical model are often significantly slower than those measured experimentally over a large
range of conditions of grain size, stress, and LPO strength. Calculations of aggregate plasticity
can be made using end-member models (uniform stress versus uniform strain rate) to bound
the most realistic scenarios (e.g., Dawson and Wenk, 2000). Here we made the simplifying
assumption that all grains were subject to the same stress state (Sachs, 1928), which ignores
compatibility requirements. This end-member model describes the fastest strain rates possible
with purely intragranular plasticity. Although more sophisticated grain-scale micromechanical
models are available, such as those described by Lebensohn and Tome´ (1993), we have taken
the most conservative approach to characterizing the discrepancies between experiments and
calculations. Therefore, values of f in Table 4.1 are minimum estimates.
In light of these observations, it is clear that the experimentally measured strain rate cannot
be accounted for by the activity of intragranular dislocations alone. As illustrated in Figure
4.4, the ratio of the measured to calculated strain rates increases with decreasing grain size,
implying that a grain-size sensitive deformation mechanism is operating. Published flow laws
for olivine aggregates (Hansen et al., 2011; Hirth and Kohlstedt, 2003) demonstrate that strain
rates due to diffusion creep (a grain-size sensitive mechanism) at the conditions of these exper-
iments account for only 0.1 to 21% of the measured strain rates; thus diffusion creep cannot be
responsible for the observed discrepancies. Furthermore, values of stress exponents measured
by load-stepping sequences in triaxial compression experiments and rate-stepping excursions
in torsion experiments are between 2 and 4, indicating the importance of the motion of disloca-
tions to the strain rate. The combination of high values of n and observed grain-size sensitivity
indicate deformation occurred in the GSS power-law rheological regime.
One mechanism proposed to account for GSS power-law creep of quartz (Platt and Behr,
2011) and olivine (Johanesen and Platt, 2015) is dynamic recrystallization (DRX) controlled
dislocation creep. In this creep regime, strain-induced grain boundary migration acts to grow
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Figure 4.4: (a) Strain rate enhancement factor (f ) as a function of grain size. The line is a least
squares fit of the data represented by Equation 4.16. (b) f as a function of J index. (c) f as
a function of equivalent stress. The values of f in plots (b) and (c) were normalized to grain
sizes of 1 (black circles), 10 (grey circles), and 100 µm (white circles) using Equation 4.16 and
the triangles represent non-normalized values. The lines in (b) and (c) are least square fits of
grain-size normalized values of f as function of J-index or stress. The results indicate that, at
constant grain size, f is independent of J-index and stress with f∝ J−0.2±0.5 and f∝ σ0.0±1.0.
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grains with low dislocation densities at the expense of those with high dislocation densities. This
process works to counteract strain hardening induced by the presence of sessile dislocations
in grains. Johanesen and Platt (2015) argue that this mechanism was operating in exhumed
peridotite shear zones, largely because curved and lobate grain boundaries are taken to indicate
high rates of grain-boundary migration.
Microstructural observations from laboratory experiments argue against DRX controlled
creep as the primary mechanism operating during high-temperature deformation of olivine ag-
gregates. Analyses of experimentally deformed olivine aggregates indicate that grains with the
largest dislocation densities are those with the largest Schmid factor for the (010)[100] dislo-
cation slip system in both low strain compression experiments (Farla et al., 2011) and higher
strain direct shear experiments (Lee et al., 2002). Thus, one would expect that strain driven
grain boundary migration selectively removes grains that are well orientated with respect to the
externally applied stress for deformation on the (010)[100] dislocation slip system. If DRX con-
trolled creep were the dominant mechanism operating during deformation, migration of grain
boundaries would create an aggregate with either a random LPO or a LPO with a maximum of
[001] parallel to the shear direction. We therefore conclude that although DRX creep may be
important during low-temperature deformation, observations of the LPOs that develop during
anhydrous deformation of olivine aggregates argue against its importance at high-temperature
conditions.
Dislocation-accommodated GBS (disGBS) has been identified as an important deforma-
tion mechanism in olivine aggregates based on experiments performed in the GSS power-law
rheological regime (Hirth and Kohlstedt, 1995, 2003; Wang et al., 2010; Hansen et al., 2011).
Similar behavior has been documented in other geological materials including calcite (Schmid
et al., 1977; Walker et al., 1990) and ice (Goldsby and Kohlstedt, 2001). The results of these
studies are in good agreement with theoretical models of grain-boundary sliding accommodated
by the motion of intragranular dislocations as described by Langdon (1994).
In contrast to the incompatibility of DRX controlled creep with observed LPOs, disGBS
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is compatible with the nature and strength of the LPO observed in samples deformed in lab-
oratory experiments. During disGBS, displacements along grain boundaries are coupled with
the motion of lattice dislocations in adjacent grains (Hirth and Kohlstedt, 2003). This coupling
results in a significant contribution of intracrystalline dislocation processes to the strain rate
of a deforming aggregate and therefore to the rotation and preferred alignment of individual
grains. Observations of LPO development during GSS power-law creep (e.g., Hansen et al.,
2012, 2014) are consistent with this process. The similarities between observations of LPO in
olivine aggregates deformed during GSS power-law creep and those predicted from models of
GSI power-law creep (e.g., Tommasi et al., 2000; Kaminski and Ribe, 2001; Castelnau et al.,
2009) are consistent with significant operation of intracrystalline dislocation processes during
disGBS.
Laboratory-derived flow laws for GSS power-law creep have values of n between those for
diffusion creep and dislocation creep. This observation suggests that GSS power-law creep may
be due to simultaneous operation of diffusion and dislocation creep. However, the results pre-
sented in Figure 4.4 indicate the observed GSS power-law regime attributed to the operation
of one deformation mechanism. If the rheological behavior attributed to disGBS were actually
only the result of simultaneous operation of diffusion creep and dislocation creep, then one
would expect the LPOs observed at high-strain conditions in Figure 4.3, which promote an in-
crease in the resolved shear stress acting upon the weakest dislocation slip system, to promote
dislocation creep over diffusion creep. In this scenario, increasing the strength of the crystallo-
graphic fabric would result in a significant decrease of the contribution of grain-size sensitive
deformation to the total strain rate, a situation that would result in a strong decrease in f with in-
creasing LPO strength. In contrast, the results presented in Figure 4.4b indicate that values of f,
which describe the contribution of grain size sensitive deformation, remain essentially constant
with increasing LPO strength.
The results presented in Figure 4.4c indicate that f is not dependent on stress for the studied
81
experimental conditions. This result is also consistent with the operation of all of the experi-
ments in one rheological regime. If the observed GSS mechanism were the result of a com-
bination of two processes, the values of f would decrease with increasing stress, which is not
observed. Therefore, disGBS must be a separate deformation mechanism rather than a transition
between diffusion creep and dislocation creep. This conclusion is supported by the experimen-
tally derived flow laws for olivine aggregates presented in Figure 4.5, where it is apparent that
the strain rate from the disGBS flow law cannot be explained by a combination of the diffusion
and dislocation creep flow laws. If the strain rate from disGBS were actually due to a combina-
tion of the two mechanisms, the dashed line, which represents a combination of diffusion creep
and dislocation creep in Figure 4.5, would correspond with the solid line representing disGBS.
However, the dashed line is a factor of 6 lower in strain rate than the disGBS flow law for the
stress at which the diffusion and dislocation creep flow laws intersect.
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Figure 4.5: Strain rate as a function of stress with flow laws for diffusion creep (diff) and
dislocation creep (disl) from Hirth and Kohlstedt (2003) and dislocation-accommodated grain
boundary sliding (disGBS) from Hansen et al. (2011) at conditions typical of laboratory experi-
ments. The dashed line is a sum of the strain rates from the diffusion and dislocation creep flow
laws.
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Investigations of the rheological behavior of ice (Goldsby and Kohlstedt, 2001) and olivine
(Hirth and Kohlstedt, 2003) at relatively low strain conditions indicate the the strain rate of the
disGBS mechanism is limited by either the strain rate from displacement along grain boundaries
(ε˙GBS) or the strain rate from the weakest dislocation slip system (ε˙easy). Comparison of values
of ε˙easy determined from the flow laws of Bai et al. (1991) and ε˙GBS estimated from the analyses
of Jackson et al. (2014) indicates that ε˙easy ≈ 10−6 ε˙GBS for the experimental conditions used
in this study. Therefore, ε˙disGBS would be expected not to surpass ε˙easy. This relationship is
consistent with the observations presented in Figure 4.6.
A comparison of all of the data in Table 4.1 demonstrates that ε˙meas / ε˙easy approaches
unity at conditions of higher strain, as presented in Figure 4.7. As the value of the J-index
increases, ε˙meas / ε˙easy increases rapidly. However, for a value of J-index greater than 2, ε˙meas
/ ε˙easy remains relatively constant at approximately unity. This observation is consistent with
deformation that is rate limited by the strength of the weakest dislocation slip system. The
implication of these observations is that the strain rate of olivine aggregates deforming by the
disGBS mechanism will approach the strain rate of the weakest slip systems once a LPO has
developed. However, results carried out over a larger range in temperature and grain size are
required to test this hypothesis.
4.5 Conclusions
Our analysis demonstrates that the observed strain rate in deformation experiments of olivine
aggregates cannot be explained by the operation of intragranular dislocation or diffusion mech-
anisms alone. A deformation mechanism that is both grain-size sensitive and has a power-law
dependence of strain rate upon stress must operate. The independence of values of f on stress
and fabric strength indicates a simple combination of diffusion creep and dislocation creep can-
not account for the observed strain rate. Therefore, disGBS operates in olivine aggregates over
a large range of conditions of stress and crystallographic fabric strength.
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Figure 4.6: Equivalent strain rate as a function of equivalent stress for data from samples de-
formed in compression (a), direct shear (b), and torsion (c). The gray line is the flow law for
dislocation creep of dunite from Keefner et al. (2011) and the colored lines are the single crystal
flow laws from Bai et al. (1991).
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Figure 4.7: Ratio of measured strain rate to the strain rate for the flow law for single crystals
in the [110]c orientation from Bai et al. (1991) as a function of J-index. Conditions at which
the measured strain rate is equal to the flow law for the easy slip system are indicated by the
horizontal dashed line.
Chapter 5
Conclusions
5.1 Summary of results
In this thesis, the flow behavior of olivine was investigated by carrying out experiments on
olivine single crystals and developing a micromechaincal model that connects single crystal
flow laws to polycrystalline deformation. A review of the main points from each chapter is
presented here.
Chapter 1 The purpose of studying the flow behavior of olivine single crystals is explained.
Analyses of mechanical data from single crystal deformation experiments allow for the precise
determination of the value of the stress sensitivity under a large range of conditions. These
experimentally determined values have important implications for extrapolating data from lab-
oratory to upper mantle conditions. Single crystals also provide excellent opportunities to study
hydrolytic weakening without the added complication introduced by the presence of water on
grain boundaries in fine grained samples. Importantly, single crystals provide an excellent op-
portunity to model polycrystalline deformation.
Chapter 2 Direct shear experiments were performed on olivine single crystals to determine
the relative strength of the (001)[100] and (100)[001] slip systems. The results demonstrate
that the (100)[001] slip system is weaker than the (001)[100] slip system in the glide-controlled
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dislocation creep regime whereas the (001)[100] slip system is weaker than the (100)[001] slip
system in the climb-controlled regime. These observations have important implications for the
development of lattice-preferred orientation of olivine-rich rocks at mantle conditions.
Chapter 3: Triaxial compression experiments were carried out on olivine single crystals
under hydrous conditions. Comparison of results under hydrous conditions to previous results
from crystals deformed under anhydrous conditions indicates significant weakening occurs at
asthenospheric mantle temperatures in the climb-controlled dislocation creep regime. Under
anhydrous conditions, flow law parameters are consistent with deformation that is rate limited
by diffusion of silicon through the cores of dislocations. Under hydrous conditions, the flow
law parameters are consistent with deformation that is rate limited by the diffusion of silicon
through the olivine lattice. At low temperatures, the strain rate of both anhydrous and hydrous
crystals are well described by the same exponential creep relationship, indicating hydrolytic
weakening cannot be resolved in the glide-controlled dislocaion creep regime at the studied
experimental conditions.
Chapter 4: A micromechanical model was developed that calculates the strain rate of a
deforming aggregate based on anisotropy in the mechanical behavior at the crystal scale. Re-
sults indicate that the fastest possible strain rate from dislocation creep cannot account for the
observed strain rate in deformation experiments on olivine aggregates. Furthermore, the re-
sults are consistent with the operation of a grain-size sensitive power-law creep regime that
operates over a large range of conditions of stress, grain size, and strength of lattice-preferred
orientation. Consideration of the microstructural observations and mechanical data suggest that
the grain-size sensitive power-law regime is most consistent with the operation of dislocation-
accommodated grain-boundary sliding in experimentally deformed olivine aggregates.
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5.2 Implications and Future directions
5.2.1 Direct Shear Experiments at Hydrous Conditions
One promising direction to continue this work would involve carrying out direct shear experi-
ment on olivine single crystals under hydrous conditions. In order to evaluate this opportunity,
two exploratory experiments were carried out. No useful mechanical data were obtained from
either experiment. However, in both experiments the crystals were successfully hydrated and a
design was established to increase the success rate of future direct shear experiments on hydrous
olivine single crystals.
The first attempt to shear an olivine single crystal under hydrous conditions consisted of
an assembly similar to those carried out under anhydrous conditions, but with an additional
sleeve of talc placed around the deformation assembly. A thin nickel sleeve was placed inside
of the talc sleeve to avoid direct contact of the talc with the olivine crystal. Post-deformation
observation of this experiment demonstrated that most of the deformation occurred by slipping
along the interface between the crystal and the alumina piston and by deformation of the alumina
piston and spacers, as presented in Figure 5.1. It appears likely that during the pressurization
phase of the experiment, the talc penetrated the inner nickel sleeve and filled the open space
at the ends of the olivine crystal. The talc subsequently reacted with the alumina shear pistons
and spacers. The results of this experiment demonstrate the importance of separating talc from
alumina during these types of experiments.
Changes were made to the deformation assembly in order to avoid the interaction of talc
and alumina that occurred in PI-1789. Most importantly, the problem arising form the void
at the ends of the crystal was resolved by using oval-shaped crystals. These crystals were
manufactured by coring cylinders from olivine crystals and the cutting slices at 45◦. This type
of direct shear assembly was used in PI-1791, as presented in Figure 5.2. However, problems
with the internal load cell prevented deformation during this experiment so a hydration anneal
was carried out instead.
The direct shear assemblies used in PI-1789 and PI-1791 were able to maintain a modest
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Figure 5.1: Reflected light image of experiment PI-1789. The crystal was oriented for shear on
(001)[100] using alumina pistons. During pressurization, the talc sleeve surrounding the shear
pistons and crystal were able to penetrate the thin protective sleeve of nickel. The strength of
the alumina was greatly reduced by its reaction with talc. Although the crystal was slightly
deformed, most of the deformation took place in the weakened alumina pistons and spacers.
amount of hydrogen throughout the duration of each experiment. Post-experiment FTIR spectra
presented in Figure 5.3 reveal peaks with heights and positions characteristic of O-H stretching
bands. However, the calculated values of hydrogen content of 98 and 125 ppm H/Si were
slightly lower than expected for saturation at the given conditions.
Although the design used in PI-1791 successfully isolates the talc from the alumina during
the experiment, there are some disadvantages to using an oval shaped single crystal. As a single
crystal of this shape is sheared, areas at the ends of the crystals are not under load. This results
in a complicated stress state where dislocations are moving in repose to the applied stress and
encounter low stress regions at the end of the crystal. To avoid this problem, a nickel sample
holder was designed to fill the gap at the ends of the crystal (and thus remove the driving force
for the talc to break the nickel sleeve around the alumina shear pistons) and hold a crystal in
place. The concept of the direct shear crystal holder is presented in Figure 5.4 and a crystal
positioned inside of a prototype is presented in Figure 5.5.
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Figure 5.2: Reflected light image of experiment PI-1791. The crystal was oriented for shear
on (001)[100] using alumina pistons. The talc was successfully isolated from the alumina, but
problems with the load cell prevented deformation. The sample had to be cut in half in order
to identify the shear direction, before completing the usual cut in the plane that includes the
direction of maximum comprehensive force and the shear direction.
5.2.2 Direct Shear on the (010)[100] and (010)[001] Slip Systems
Nine attempts were made to deform single crystals oriented for shear on the (010)[100] and
(010)[001] dislocation slip systems under anhydrous conditions. These experiments were car-
ried out using pistons fabricated from alumina and thoriated tungsten. All of the attempts to
shear a crystal parallel to the (010) plane were unsuccessful and resulted in slipping on the in-
terface between the crystal and the shear piston. A compilation of the experimental conditions,
crystal orientations, and piston materiel used for these experiments is presented in Table 5.1.
An experiment attempted with porous alumina as the shear piston material is presented in
Figure 5.6. This experiment was attempted because the larger frictional properties from the
roughness of the porous alumina was hypothesized to prevent slipping on the interface between
the crystal and the shear piston. In addition, at experimental conditions the pores in the porous
alumina are at conditions of lower pressure and therefore the surface of the crystal attempts to
move into the pores, which may aid in adhesion. However, the roughness of the porous alumina
surface resulted in a smaller area of contact between the shear piston and the crystal.
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Table 5.1: Unsuccessful direct shear experiments
Exp. # T(◦)C slip system shear pistons
1873 1200 (010)[100] alumina
1875 1100-1200 (010)[100] alumina
1876 1100-1200 (010)[100] alumina
1879 1100-1200 (010)[100] alumina
1880 1100-1200 (010)[100] alumina
1881 1000-1200 (010)[100] porous alumina
1882 1100-1200 (010)[001] alumina with ledge
1883 1200 (010)[001] thoriated tungsten
1894 1200 (010)[100] alumina
An experiment was also attempted using ledges ground into the shear pistons to prevent
slipping. The ledges were ground into the shear piston using a diamond polishing wheel. The
ledges provided an additional step that would support the crystals along the surfaces normal to
the shear direction. However, the shear pistons fractured during the experiment, presumably
due to the stress concentration along the ledges, as presented in Figure 5.7.
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Figure 5.3: FTIR spectra taken with an unpolarized IR beam parallel to the [010] axis for (a)
PI-1789 and (b) PI-1791. The black lines represent IR absorption and the dashed blue line is
the baseline used to calculate hydrogen content. The labeled hydrogen content was calculated
using the method of Paterson (1982) multiplied by a factor of 3.5 as suggested by Bell et al.
(2003).
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Figure 5.5: Reflected light image of a single crystal inside of a nickel holder for direct shear
experiments.
Figure 5.6: Reflected light image of experiment PI-1881. The crystal was oriented for shear on
(010)[100] using porous alumina pistons. The surrounding metal is a nickel capsule and there
are solid alumina spacers on the top and the bottom of the shear pistons. The bottom spacer
fractured while cutting the deformation capsule after the experiment.
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Figure 5.7: Reflected light image of experiment PI-1882. The crystal was oriented for shear
on (010)[100] using alumina pistons with a ledge ground into them. The surrounding metal
is a nickel capsule and there are solid alumina spacers on the top and the bottom of the shear
pistons. The top piston fractured along the ledge and the crystal was able to slide over the ledge
on the bottom piston.
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Appendix A
Micromechanical model
A.1 Script for calculating the strain rate of an aggregate
This appendix provides an example of the MATLAB R© script used to calculate the strain rate
of experimentally deformed olivine aggregates from single crystals flow laws in Chapter 4.
The input are the experimentally measured stress and EBSD measurements of crystallographic
orientations. The example provided here is for an aggregate with a near uniform distribution
of crystallographic orientations that is deformed in a stress state equivalent to a compression
experiment. In the first part of this script, the stress and grain orientations are defined. These
values of stress and grain orientation are used to calculate the strain rates of individual grains
in the matlab function described in the second section. The final part of the script describes
the calculations needed to plot the strain rates of individual grains as a function of the Schmid
factors for all of the slip systems in each grain (i.e. Figure 4.2).
% This matlab script is used to calcuate the strain rate of an olivine
aggregate using the single crystal flow laws from Bai et al. (1991).
% The file 1543.txt contains a numerically generated dataset of 2,604
grains with "random" orientaitons.
% The script also calculates the strain rate due to the individual slip
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systems for each grain, and plots these data as a function of
Schmid Factor on each slip system.
% The guidance and assistance of Lars Hansen was essential to
creating this code.
%_____ Define experimental Conditoins __________
T=1523.15;% define the temperature in K
input_stress=440; %define the differential stress, in MPa
%_____ Input Grain Orientations __________
data = dlmread(’pf535.txt’,’\t’,1,0);% for uniform fabric
euler= data(:,1:3);
%preallocate data for computational efficiency
strain_rate_tensors=zeros(3,3,length(data));
%strain_rate_tensors_x_d=zeros(3,3,length(data));
for i=1:length(data);
strain_rate_tensors(:,:,i)=strain_rate_from_constant_stress_random
_fabric_compression(input_stress,T,euler(i,:));
end
total_strain_rate=mean(strain_rate_tensors,3);%./sum(grain_volume)
axial_strain_rate=total_strain_rate(2,2)
%%%%% Calculate strain rate from glide on (010)[100] only
strain_rate_a_on_b=zeros(3,3,length(data));
for i=1:length(data);
strain_rate_a_on_b(:,:,i)=strain_rate_from_a_on_b_compression
(input_stress,T,euler(i,:));
% strain_rate_tensors_x_d(:,:,i) = strain_rate_tensors(:,:,i) *
grain_volume(i);
end
axial_strain_rate_a_on_b=strain_rate_a_on_b(2,2);
%%%%% Calculate strain rate from glide on (001)[100] only
strain_rate_a_on_c=zeros(3,3,length(data));
for i=1:length(data);
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strain_rate_a_on_c(:,:,i)=strain_rate_from_a_on_c_
compression(input_stress,T,euler(i,:));
% strain_rate_tensors_x_d(:,:,i) = strain_rate_tensors(:,:,i)
* grain_volume(i);
end
axial_strain_rate_a_on_c=strain_rate_a_on_c(2,2);
%%%%% Calculate strain rate from glide on (010)[001] only
strain_rate_c_on_b=zeros(3,3,length(data));
for i=1:length(data);
strain_rate_c_on_b(:,:,i)=strain_rate_from_c_on_b_
compression(input_stress,T,euler(i,:));
% strain_rate_tensors_x_d(:,:,i) = strain_rate_tensors(:,:,i)
* grain_volume(i);
end
axial_strain_rate_c_on_b=strain_rate_c_on_b(2,2);
%%%%% Calculated Schmid factors for plotting
%Axes to plot -- miller indices
axs = [1 0 0; 0 1 0; 0 0 1];
%loading direction in xyz coordinates
L = [0 1 0];%for compression
%L = [-1 1 0];%for torsion
%lattice parameters - units don’t matter as long as
they’re consistent -- (a,b,c)
a = [4.762 10.225 5.994]; %olivine from Birle et al. (1968)
%a = [4.785 10.34 6.035]; %approx Fo50 from Deer,
Howie, and Zussman (1992)
%slip plane for (010)[100]- refers to the order of axes listed in axs
plane = [2];
%slip direction
direction = [1];
phi1 = data(:,1); PHI = data(:,2); phi2 = data(:,3);
axs_title = axs;
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%scale axes by lattice parameters
for s = 1:size(axs,1)
axs(s,:) = axs(s,:).*a;
end
%normalize starting vectors
for s = 1:size(axs,1)
nrm(s,:) = ones(size(axs,2),1)*norm(axs(s,:));
en
axs = axs./nrm;
for i = 1:length(phi1);
R1 = [cosd(phi1(i)) -sind(phi1(i)) 0
sind(phi1(i)) cosd(phi1(i)) 0
0 0 1]; %rotation around z axis by phi1
R2 = [1 0 0
0 cosd(PHI(i)) -sind(PHI(i))
0 sind(PHI(i)) cosd(PHI(i))]; %rotation around x by PHI
R3 = [cosd(phi2(i)) -sind(phi2(i)) 0
sind(phi2(i)) cosd(phi2(i)) 0
0 0 1]; %rotation around z axis by phi2
R = R1*R2*R3;
for s = 1:size(axs,1)
xyz_point(:,s) = R*axs(s,:)’;
end
xyz(:,:,i) = xyz_point;
end
for j = 1:length(plane)
for i = 1:length(phi1)
L = L./norm(L);
P = xyz(plane(j),:,i);
P = P./norm(P);
D = xyz(direction(j),:,i);
D = D./norm(D);
S(i,j) = abs(dot(L,P)*dot(L,D));
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end
end
%slip plane for (010)[001]- refers to the order of axes listed in axs
plane_b = [2];
%slip direction
direction_b = [3];
phi1 = data(:,1); PHI = data(:,2); phi2 = data(:,3);
axs_title = axs;
%scale axes by lattice parameters
for s = 1:size(axs,1)
axs(s,:) = axs(s,:).*a;
end
%normalize starting vectors
for s = 1:size(axs,1)
nrm(s,:) = ones(size(axs,2),1)*norm(axs(s,:));
end
axs = axs./nrm;
for i = 1:length(phi1);
R1 = [cosd(phi1(i)) -sind(phi1(i)) 0
sind(phi1(i)) cosd(phi1(i)) 0
0 0 1]; %rotation around z axis by phi1
R2 = [1 0 0
0 cosd(PHI(i)) -sind(PHI(i))
0 sind(PHI(i)) cosd(PHI(i))]; %rotation around x by PHI
R3 = [cosd(phi2(i)) -sind(phi2(i)) 0
sind(phi2(i)) cosd(phi2(i)) 0
0 0 1]; %rotation around z axis by phi2
R = R1*R2*R3;
for s = 1:size(axs,1)
xyz_point(:,s) = R*axs(s,:)’;
end
xyz(:,:,i) = xyz_point;
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end
for j = 1:length(plane_b)
for i = 1:length(phi1)
L = L./norm(L);
P_b = xyz(plane_b(j),:,i);
P_b = P_b./norm(P_b);
D_b = xyz(direction_b(j),:,i);
D_b = D_b./norm(D_b);
S_b(i,j) = abs(dot(L,P_b)*dot(L,D_b));
end
end
%slip plane for (001)[100]- refers to the order of axes listed in axs
plane_e = [3];
%slip direction
direction_e = [1];
phi1 = data(:,1); PHI = data(:,2); phi2 = data(:,3);
axs_title = axs;
%scale axes by lattice parameters
for s = 1:size(axs,1)
axs(s,:) = axs(s,:).*a;
end
%normalize starting vectors
for s = 1:size(axs,1)
nrm(s,:) = ones(size(axs,2),1)*norm(axs(s,:));
end
axs = axs./nrm;
for i = 1:length(phi1);
R1 = [cosd(phi1(i)) -sind(phi1(i)) 0
sind(phi1(i)) cosd(phi1(i)) 0
0 0 1]; %rotation around z axis by phi1
R2 = [1 0 0
0 cosd(PHI(i)) -sind(PHI(i))
0 sind(PHI(i)) cosd(PHI(i))]; %rotation around x by PHI
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R3 = [cosd(phi2(i)) -sind(phi2(i)) 0
sind(phi2(i)) cosd(phi2(i)) 0
0 0 1]; %rotation around z axis by phi2
R = R1*R2*R3;
for s = 1:size(axs,1)
xyz_point(:,s) = R*axs(s,:)’;
end
xyz(:,:,i) = xyz_point;
end
for j = 1:length(plane_e)
for i = 1:length(phi1)
L = L./norm(L);
P_e = xyz(plane_e(j),:,i);
P_e = P_e./norm(P_e);
D_e = xyz(direction_e(j),:,i);
D_e = D_e./norm(D_e);
S_e(i,j) = abs(dot(L,P_e)*dot(L,D_e));
end
end
%plot eq. strain rate for each grain as a funciton of grain size
%calculate strain rate
for k = 1: size(euler,1)
r_eq_temp = 0;
for j = 1:3
for i = 1:3
temp = strain_rate_tensors(i,j,k)*strain_rate_tensors(j,i,k);
r_eq_temp = r_eq_temp + temp;
end
end
r_eq_grain(k,1) = sqrt(2/3 * r_eq_temp); %equivalent
strain rate in each grain
shear_grain(k,1) = strain_rate_tensors(1,2,k); %shear strain
rate in each grain
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end
y_22p=strain_rate_tensors(2,2,:);%plot axial strain rate for
each grain as a funciton of grain size
y_22=squeeze(y_22p);
y_12p=strain_rate_tensors(1,2,:);%plot shear strain rate for
each grain as a funciton of grain size
y_12=squeeze((abs(y_12p)));
y_13p=strain_rate_tensors(1,3,:);
y_31p=strain_rate_tensors(3,1,:);
y_21p=strain_rate_tensors(2,1,:);
y_23p=strain_rate_tensors(2,3,:);
y_32p=strain_rate_tensors(3,2,:);
y_11p=strain_rate_tensors(1,1,:);
y_33p=strain_rate_tensors(3,2,:);
y_13=squeeze((abs(y_13p)));
y_31=squeeze((abs(y_31p)));
y_21=squeeze((abs(y_21p)));
y_23=squeeze((abs(y_23p)));
y_32=squeeze((abs(y_32p)));
y_11=squeeze(y_11p);
y_33=squeeze(y_33p);
y_shear_tot=y_12+y_13+y_32;
y_eff=((2./9).*((y_22-y_11).ˆ(2)+(y_11-y_33).ˆ(2)+(y_33-y_22).ˆ(2)))
.ˆ(1./2);
%Component of axial strain rate in sample coordinates due to glide on each
%slip system
y_22p_a_on_b=strain_rate_a_on_b(2,2,:);
y_22_a_on_b=squeeze(y_22p_a_on_b);
y_22p_a_on_c=strain_rate_a_on_c(2,2,:);
y_22_a_on_c=squeeze(y_22p_a_on_c);
y_22p_c_on_b=strain_rate_c_on_b(2,2,:);
y_22_c_on_b=squeeze(y_22p_c_on_b);
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RSS=input_stress.*S;
%%%_______________________________-
%%%FIT A LINE TO AXIAL STRAIN RATE FROM A ON B
%
x_fit=[0:0.01:max(RSS)];
y_fit=(2.014.*10.ˆ(-14).*x_fit.ˆ(4.5));
%calculate strain rate
for k = 1: size(euler,1)
r_eq_temp = 0;
for j = 1:3
for i = 1:3
temp = strain_rate_tensors(i,j,k)*strain_rate_tensors(j,i,k);
r_eq_temp = r_eq_temp + temp;
end
end
r_eq_grain(k,1) = sqrt(2/3 * r_eq_temp); %equivalent
strain rate in each grain
shear_grain(k,1) = strain_rate_tensors(1,2,k); %shear
strain rate in each grain
end
A.2 Calculation of strain rate
In this section, a matlab function is described that is used to calculate the strain rate from the
motion of dislocations using single crystals flow laws. The matlab code contains definitions of
the appropriate stress tensor and conditions of oxygen fugacity needed for the calculation.
%mean value of equivallent strain rate for entire sample
r_eq_sample=mean(r_eq_grain)
function [epsilon_sample_ref,tau1,epsilon_climb_sample_ref] =
strain_rate_from_constant_stress_random_fabric_compression
(input_stress,T,euler)
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R_constant=8.314;
P=300;
n=3.5;
%f = 10.ˆ-11.5; %˜Fe/FeO @ 1200C
%for Ni/NiO
f = 10.ˆ(12.78 - 2.5073.*(10ˆ4./T) - 1.1.*log10(T) + 0.450.*P./T +
0.025.*P./1000);% in atm
Vm=43.8.*10.ˆ(-6);
G=78500;
adry=4.75.*10.ˆ(-10); %a axis
bdry=10.20.*10.ˆ(-10); %b axis
cdry=5.99.*10.ˆ(-10); %c axis
% %input stress tensor for compression
sigma=[P 0 0;
0 input_stress+P 0;
0 0 P];
%Normal way to call up Euler angles
phi1 = euler(1); PHI = euler(2); phi2 = euler(3);
% Build rotation matrix for a grain
R1 = [cosd(phi1) -sind(phi1) 0
sind(phi1) cosd(phi1) 0
0 0 1]; %rotation around z axis by phi1
R2 = [1 0 0
0 cosd(PHI) -sind(PHI)
0 sind(PHI) cosd(PHI)]; %rotation around x by PHI
R3 = [cosd(phi2) -sind(phi2) 0
sind(phi2) cosd(phi2) 0
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0 0 1]; %rotation around z axis by phi2
R = R1*R2*R3;
sigma_crystal=R*sigma*R’;
%deviatoric stress tensor
sigma_m=trace(sigma)./3; %mean stress
S=sigma_crystal;
S(1,1)=S(1,1)-sigma_m;
S(2,2)=S(2,2)-sigma_m;
S(3,3)=S(3,3)-sigma_m;
%Define burgers vectors (b) and slip plane normal (n) for slip systems
%For (010)[100]
b1=[1 0 0]’;
n1=[0 1 0]’;
%For (001)[100]
b2=[1 0 0]’;
n2=[0 0 1]’;
%For (010)[001]
b3=[0 0 1]’;
n3=[0 1 0]’;
%Symetric schmid tensor for glide
%010)[100]
mu1=(1./2)*(b1*n1’+n1*b1’);
mu2=(1./2)*(b2*n2’+n2*b2’);
mu3=(1./2)*(b3*n3’+n3*b3’);
%Antisyemtric schmid tensor for glide
mu1a=(1./2)*(b1*n1’-n1*b1’);
mu2a=(1./2)*(b2*n2’-n2*b2’);
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mu3a=(1./2)*(b3*n3’-n3*b3’);
%Shear stresses
tau1=trace(mu1*S);
tau2=trace(mu2*S);
tau3=trace(mu3*S);
%differential stress
ds1=abs(2*tau1);%(010)[100]
ds2=abs(2*tau2);%(100)[001] or (001)[100]
ds3=abs(2*tau3);%(010)[001]
%Bai Flow laws for OPX buffered experiments
Aa1 = 0.02;
Aa2 = 1.3.*10.ˆ(22);
Aa3 = 1.2;
ra1=.36;
ra2=.1;
ra3=.15;
qa1=230*1000;
qa2=1000*1000;
qa3=290*1000;
ea1 = Aa1.*ds1.ˆn.*f.ˆra1.*exp(-qa1./R_constant./T);
ea2 = Aa2.*ds1.ˆn.*f.ˆra2.*exp(-qa2./R_constant./T);
ea3 = Aa3.*ds1.ˆn.*f.ˆra3.*exp(-qa3./R_constant./T);
epsilon_axial_1 = (ea1+(1./ea2 + 1./ea3).ˆ-1)*sign(tau1);
gamma1=2*epsilon_axial_1;
%Bai FLow Law for 101c opx buffered
Ae1 = 0.65;
Ae2 = 5.3.*10.ˆ(11);
re1=0.33;
re2=0.06;
qe1=250*1000;
qe2=690*1000;
ee1 = Ae1.*ds2.ˆn.*f.ˆre1.*exp(-qe1./R_constant./T);
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ee2 = Ae2.*ds2.ˆn.*f.ˆre2.*exp(-qe2./R_constant./T);
epsilon_axial_2 = ((1./ee1)+(1./ee2)).ˆ(-1)*sign(tau2);
gamma2=2*epsilon_axial_2;
%Bai FLow Law for 011c opx buffered
Ab1 = 2.1.*10.ˆ4;
Ab2 = 5.2.*10.ˆ(5);
rb1=0.02;
rb2=0.23;
qb1=540*1000;
qb2=540*1000;
eb1 = Ab1.*ds3.ˆn.*f.ˆrb1.*exp(-qb1./R_constant./T);
eb2 = Ab2.*ds3.ˆn.*f.ˆrb2.*exp(-qb2./R_constant./T);
epsilon_axial_3 = (eb1+eb2)*sign(tau3);
gamma3=2*epsilon_axial_3;
%strain rate for glide of three slip sytems
epsilon_glide=mu1*gamma1+mu2*gamma2+mu3*gamma3;
%Adding climb component
%symmetric portion of climb tensor assuming only edge dislocations
C1=(1./2)*(b1*b1’+b1*b1’);
C2=(1./2)*(b2*b2’+b2*b2’);
C3=(1./2)*(b3*b3’+b3*b3’);
C1m=1./3*trace(C1);
C2m=1./3*trace(C2);
C3m=1./3*trace(C3);
C1_dev=C1;
C1_dev(1,1)=C1_dev(1,1)-C1m;
C1_dev(2,2)=C1_dev(2,2)-C1m;
C1_dev(3,3)=C1_dev(3,3)-C1m;
C2_dev=C2;
C2_dev(1,1)=C2_dev(1,1)-C2m;
C2_dev(2,2)=C2_dev(2,2)-C2m;
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C2_dev(3,3)=C2_dev(3,3)-C2m;
C3_dev=C3;
C3_dev(1,1)=C3_dev(1,1)-C3m;
C3_dev(2,2)=C3_dev(2,2)-C3m;
C3_dev(3,3)=C3_dev(3,3)-C3m;
%stress for climb
sigma_climb_1=trace(C1_dev*S);
sigma_climb_2=trace(C2_dev*S);
sigma_climb_3=trace(C3_dev*S);
%dry silicon diffusion equation from dohmen 2002
Dodry=10.ˆ(-4.2);
Edry=530000;
Ddry=Dodry.*exp(-Edry./(R_constant.*T));
% calcuations from Fei et al 2012 @ 1000C
Dofei=10.ˆ(-6.6);
Efei=410000;
Vfei=1.7;
P=0.3; %P in GPa?
Dfei=Dofei.*exp(-(Efei+P.*Vfei)./(R_constant.*T));
Ddry=Dfei%.*10.ˆ8.;
%calculation of strain rate for climb using Nabarro 1967
%modified by Nix et al. (1971)
%from Kohlstedt (2007) Eq. 47
climb_rate_a_axis_1250C_Dohmen=2.*(G.*Vm)./(R_constant.*T)
.*(sigma_climb_1)./G.ˆ(3).*(Ddry./(adry.ˆ2)).*(1./(log((4.*G)
./(pi.*abs(sigma_climb_1)))))*sign(sigma_climb_1);
climb_rate_b_axis_1250C_Dohmen=2.*(G.*Vm)./(R_constant.*T)
.*(sigma_climb_2)./G.ˆ(3).*(Ddry./(bdry.ˆ2)).*(1./(log((4.*G)
./(pi.*abs(sigma_climb_2)))))*sign(sigma_climb_2);
climb_rate_c_axis_1250C_Dohmen=2.*(G.*Vm)./(R_constant.*T)
.*(sigma_climb_3)./G.ˆ(3).*(Ddry./(cdry.ˆ2)).*(1./(log((4.*G)
./(pi.*abs(sigma_climb_3)))))*sign(sigma_climb_3);
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epsilon_climb=C1_dev*climb_rate_a_axis_1250C_Dohmen+C2_dev*
climb_rate_b_axis_1250C_Dohmen+C3_dev*climb_rate_c_axis_1250C_Dohmen;
epsilon_grain_glide_plus_climb=epsilon_glide+epsilon_climb;
epsilon_sample_ref=R’*epsilon_grain_glide_plus_climb*R;
Appendix B
Sensitivity of parameters for
exponential creep
The values of parameters Ae, Qe, σe resulting from fixing p and q at different values from the
low temperature data for the (001)[100] slip system are reported in Table B.1. In these analyses,
the data were fit to the flow law described in Equation 2.2. The results illustrate that values of
Ae and Qe are largely insensitive to the different values of p and q whereas values of σe vary
significantly for the different values of p and q. An exploration of the sensitivity of the shape
of the exponential function is presented in Figure B.1. The degree of upward curvature in the
exponential function can be increased by either (1) decreasing the value of σe, (2) decreasing
the value of p, or (3) increasing the value of q.
Table B.1: Sensitivity of parameters to values of p and q
p q Ae Qe (kJ/mol) σe (GPa)
0.5 1 105.2±1.0 476 ± 37 8.4 ± 1.0
0.5 1.5 105.2±1.0 480 ± 38 16.0 ± 2.0
0.5 2 105.1±1.0 483 ± 38 25.9 ± 3.4
0.66 1 105.4±1.0 452 ± 34 5.9 ± 0.5
0.66 1.5 105.3±1.0 454 ± 35 9.9 ± 1.0
0.66 2 105.3±1.0 455 ± 35 14.4± 1.5
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Figure B.1: Plots illustrating the influence of σe (left), p and q (middle), and Q (right) in Equa-
tion 2.2.
For comparison to the results from Mei et al. (2010), the data were fit using
ε˙exp = Aeσ
2exp
(−Qe
RT
)(
1−
(
σ
σp
)0.5)1 , (B.1)
yielding Ae = 103.5±1.0, Qe = 359± 37 kJ/mol, and σe = 10.1± 1.4 GPa. For comparison to
the results from Demouchy et al. (2013), the data were fit using
ε˙exp = Aeexp
(−Qe
RT
)(
1−
(
σ
σp
)0.5)2 , (B.2)
yielding Ae = 109.1±1.0, Qe = 526± 37 kJ/mol, and σe = 17.5± 1.8 GPa.
